LUMINESCENT NANOCRYSTALS: SYNTHESIS, CHARACTERIZATION AND OPTICAL TUNING by SU QIANQIAN
 
 
LUMINESCENT NANOCRYSTALS: SYNTHESIS, 



















LUMINESCENT NANOCRYSTALS: SYNTHESIS, 





(M.Sc., Chinese Academy of Sciences) 
 
A THESIS SUBMITTED  
FOR THE DEGREE OF DOCTOR OF  
PHILOSOPHY 
 
DEPARTMENT OF CHEMISTRY 
 





















1) Qianqian, Su; Sanyang, Han; Xiaoji, Xie; Haomiao, Zhu; Hongyu, Chen; 
Chih-Kai, Chen; Ru-Shi, Liu; Xueyuan, Chen; Feng, Wang*; Xiaogang, 
Liu*, “The Effect of Surface Coating on Energy Migration-Mediated 









               21/07/2013   











    I would like to thank all the professors, mentors, colleagues and friends who 
made this thesis possible and an unforgettable experience for me.  
My deep and sincere gratitude goes first to my supervisor, Professor Xiaogang 
Liu. His professional guidance and encouragement have been especially 
invaluable, and his foresight, acumen and sagacity launched this dissertation. His 
detailed review, wide knowledge, and constructive criticisms have substantially 
improved and expanded the scope of this thesis. More importantly, his enthusiasm, 
objectivity and rigorous research methodology in scientific discovery have deeply 
influenced me forever. 
I am deeply indebted to Professor Kuo-Wei Huang, for supporting me in my 
determination to find and realize my potential, and to make this contribution to 
my life. 
I take this opportunity to record my sincere thanks to Professor Weiqu Liu and 
his wife Ms. Cuiling Zhang for their constant support and encouragement. 
    I owe my sincere gratitude to many staffs in the Department of Chemistry at 
National University of Singapore. I would also like to thank Ms. Suriawati Binte 
Sa'ad for helping me transition from China to this prestigious national university. 
    I warmly thank Prof. Hongyu Chen, Prof. Jianmei Lu, Prof. Qingfeng Xu, Prof. 
Xueyuan Chen, Prof. Junqing Hu, Prof. Ru-Shi Liu, Prof. Guoqin Xu, Prof. 
Huaqiang Zeng, Prof. Yin Thai Chan, Dr. Xianfeng Yang, Dr. Haomiao Zhu, Dr. 
Jixuan Zhang, Dr. Jun Xu, Mr. Rujia Zou, and Mr. Chih-Kai Chen for their 
III 
 
generous help throughout my graduate study when I needed the most. 
I am deeply grateful to all the past/current labmates in the Liu’s group, Ms. Hui 
Ma, Dr. Feng Wang, Dr. Xuejia Xue, Dr. Qian Zhang, Dr. Hong Deng, Dr. 
Banerjee Debapriya, Dr. Ranjit Sadananda, Dr. Wei Xu, Dr. Juan Wang, Dr. 
Wenhui Zhang, Dr. Hui Xu, Dr. Runfeng Chen, Dr. Xiaoyong Huang, Mr. 
Hongbo Wang, Mr. Zongbin Wang, Ms. Thi Van Thanh Nguyen, Mr. Renren 
Deng, Mr. Xiaoji Xie, Mr. Sanyang Han, Mr. Guojun Du, Mr. Xiaowang Liu, Mr. 
Qiang Sun, Mr. Yuhai Zhang, Ms. Jing Tian, Mr. Yuewei Zhang, and my friends, 
Dr. Jinling Li, Dr. Baomin Zhao, Mr. Tianchao Niu, and Ms. Ye Zi. Without their 
help and encouragements, this work could not have been completed on time.  
I gratefully acknowledge all the fitness friends and doctors for transforming my 
health and life. Special thanks also go to my friends Mr. Mian Zhang, no matter 
how far away you are. 
I take this opportunity to sincerely acknowledge the financial support of 
National University of Singapore.  
Last, but not least, I would like to express my eternal appreciation towards my 
parents, Mr. Sheng Su and Ms. Min Wang, my husband Dr. Guangjun Wang, my 
sisters Ms. Wei Wang, Ms. Shi Su, Dr. Yan Su, and my younger brother Mr. 
Chuangchuang Su. Without their love and encouragement, I would not have 
completed my doctoral study. 
 












This thesis is dedicated to my beloved grandmother: 












    Luminescent nanoparticles, including quantum dots and upconversion 
nanocrystals, have been the focus of a growing body of investigation because of 
their promising applications ranging from sensors to biological imaging and drug 
delivery. This thesis intended to contribute to investigation on synthesis, structure, 
property, and their inter-relationship of these luminescent nanoparticles. More 
specifically, the aim of this study was to fabricate various types of luminescent 
nanocrystals displaying uniform morphologies and unprecedented optical 
properties. 
In Chapter 2, a simple, one-pot, and mono-surfactant synthesis method was 
developed for multi-morphology ZnS and CdS nanocrystals using single-source 
precursor metal (Zn2+, Cd2+) dicarbazoledithiocarbamates. These precursors were 
proven to be a good candidate for the synthesis of high quality metal sulfides, and 
could be extended to the synthesis of other high quality nanocrystals, such as 
Ag2S, PbS, MnS and Bi2S3. More importantly, we have provided conclusive 
evidence by HR-TEM images and UV-vis spectra that the growth of ultrathin ZnS 
nanowires was achieved by oriented attachment mechanism.  
In Chapter 3, we presented that the epitaxial growth of an optically inert NaYF4 
layer around a lanthanide-doped NaGdF4@NaGdF4 core-shell nanoparticle 
effectively prevents surface quenching of excitation energy, which display 
unprecedented optical properties. Importantly, our mechanistic investigations 
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make possible, for the first time, the realization of efficient emissions from Tb3+ 
and Eu3+ activators that are doped homogeneously with Yb/Tm ions.  
In Chapter 4, a general lanthanide doping method for controlled synthesis of 
NaYF4 upconversion nanoparticles has been developed. By varying reaction 
parameters, we can easily control the formation of NaYF4 with different 
morphologies and sizes. These findings are important for providing a convenient 
route for facile synthesis of morphology and size controllable NaYF4 nanocrystals 
without the need for toxic hazardous coordinating solvents and organometallic 
precursors.  
Overall, we successfully developed several strategies for the synthesis and 
fabrication of different types of luminescent nanoparticles, including ZnS, CdS, 
NaYF4, NaYF4@NaYF4, and NaGdF4@NaYF4 with excellent optical properties. 
The advances on these luminescent nanocrystals offer exciting opportunities for 
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CHAPTER 1: Introduction 
 
With the rapid development of nanotechnology over the last decade, 
nanomaterials have been the subject of enormous interest, which include many 
forms such as nanoclusters, tubes, wires, cages, spheres, and nanostructured 
units. Notable for their extremely small feature size, with typical dimensions 
in the range of 1-100 nm,[1] they have shown considerable promise in 
wide-ranging industrial, biomedical, and electronic applications.[2-5] 
Particularly, research has repeatedly shown that nanomaterials offer attractive 
possibilities in biomedical applications. These nanomaterials have sizes 
smaller than or comparable to those of a cell (10-100 m), a virus (20-450 nm), 
a protein (5-50 nm) or a gene (2 nm wide and 10-100 nm long), rendering 
them as ideal candidates for biomedical applications. This means that they can 
get close to biological molecules of interest (Figure 1.1).[6] 
Luminescent nanomaterials are one of the most important nanomaterials 
that have tremendous potential in a wide variety of practical bio-applications 
such as molecular detection, bio-imaging, drug delivery, and therapeutics.[7-9] 
These nanomaterials can be made up of rare earth elements, semiconductors, 
metals, oxides, and inorganic and organic polymers. Particularly, quantum 
dots and lanthanide-doped nanocrystals are two of the most widely 
investigated luminescent nanomaterials because of their unique chemical, 






Figure 1.1 Nanomaterials within the size range of 1-100 nm can be 






Quantum dots (QDs) are nanometer-scale semiconductor materials, which 
are generally defined as nanocrystals with physical dimensions smaller than 
the exciton Bohr radius.[10] In comparison with traditional organic 
fluorophores (e.g. organic dyes and fluorescent proteins), semiconductor QDs 
offer several advantages such as size- and composition-tunable emission from 
visible to infrared wavelengths, large absorption coefficients across a wide 
spectral range, and very high levels of brightness.[11] Lanthanide-doped 
nanocrystals, especially upconversion nanocrystals of various compositions 
show their unique optical properties including narrow emission band width, 
large Stokes shift, long luminescence lifetime and high photostability 
compared to conventional luminescent materials such as organic 
fluorophores.[12,13] Therefore, these unique properties of the inorganic 
luminophores make them good candidates for various applications, such as 
bio-imaging, drug delivery, bio-labeling, and molecular detection. 
  Bio-imaging is an important tool for the visualization of cancer cells and 
determining the efficacy of tumor therapies. Compared with traditional 
organic probes, luminescent nanocrystals are highly bright and photostable, 
which are shown to be very effective for sensitive cancer imaging and tumor 
therapies.[14-19] Another major area of application is drug delivery. Many 
works have shown that nanomedicine offers unprecedented opportunities for 
targeted treatment of serious diseases such as cancer. The nanocrystals can 




particles are effective for drug release, with less dosage and fewer side effects 
during treatment possible. Furthermore, in the last decade, many optical 
biosensors have been designed that can detect changes in the optical properties 
under different conditions, which allows the quantification of molecular 
recognition processes.[21] So far, single-molecule detection technique has also 
been exploited.[22] 
These growing demands of luminescent nanocrystals used in various fields 
have in turn greatly stimulated fundamental researches to develop nanocrystals 
with controllable nanostructure and desirable optical properties. However, 
there are some weaknesses of previous study. For example, the synthesis 
methods used are too complicate, the growth mechanisms are not well 
investigated, and the optical properties are not satisfied. Therefore, in this 
thesis, we focus on developing novel luminescent nanocrystals with emphasis 
on synthesis methods, mechanism studies and the enhancement of their optical 
properties. 
In this chapter, an overview of luminescent nanomaterials including 
quantum dots and lanthanide-doped nanocrystals will be first introduced. Then 
a general introduction of the luminescence theory of QDs and 
lanthanide-doped nanocrystals will be given, followed by recent advances in 
the synthesis of these luminescent nanocrystals, finally the objective of this 





1.1 General Introduction of Luminescent Nanomaterials 
 
In the past several decades, a vast variety of luminescent nanomaterials 
have been investigated. Among them, quantum dots and lanthanide-doped 
nanocrystals reign supreme as the most functional and reproducible 
nanocrystals. A systematic introduction of their features and recent research 
progress will be given in this section, respectively. 
 
1.1.1 Quantum dots 
 
  QDs are nanometer-scale semiconductor materials including groups II–VI 
(CdS, CdSe, CdTe, ZnO, ZnSe), III–V (InP, InAs, GaN, GaP, GaAs) and 
IV-VI (PbS, PbSe, PbTe) elements, which are generally defined as 
nanocrystals with physical dimensions smaller than the exciton (electron-hole 
pair) Bohr radius.[10] The quantum confinement effect brought by their small 
size offers these nanocrystals unique optical properties. 
  In 1981, Efros and Ekimov discovered the relationship between the optical 
and electronic properties with the particle size, which raises the research 
upsurgence of QDs in both academic and industrial community.[23-24] These 
nanocrystals feature high chemical stability, high quantum yield, tunable 
emission wavelength and wide excitation and narrow emission. Attention has 




control, surface chemistry, along with the investigation of synthesis technique. 
The morphology of QDs has been fabricated from firstly spheres, rods, wires 
to the complex tripods, sheets nanostructure and the corresponding possible 
growth mechanisms were also studied. The utilization of QD was primarily 
concentrated on quantum-dot lasers, optoelectronic devices, high density 
memory devices, biological labels and solar cells.[25-27]   
 
1.1.2 Lanthanide-doped nanocrystals 
 
Lanthanide-doped materials have been extensively investigated for many 
years for their wide used in lasers, lighting and optical 
telecommunications.[28-30] Differing from emission from an electronic 
transition between conduction and valence band of semiconductor, emission 
from lanthanide-doped materials is due to excitation and emission of 
lanthanide dopant ions (Figure 1.2). Therefore, the identity of the lanthanide 
ions, rather than crystal size, determines the optical properties of 
lanthanide-doped materials. Luminescence from lanthanide ions derives from 
electronic excitation from the ground state to high energy state in f-orbitals 
and subsequent f-f de-excitation. The well-shielded 4f orbital by the 
completely filled 5s2 and 5p6 sub-shells which are largely unaffected by the 
environment offers the lanthanide-doped materials narrow emission bands, 




the study on the crystal size effect.[31]  
  Lanthanide-doped materials are a fine example of how applications arise 
from basic research and how these applications in turn stimulate fundamental 
research. When high purity rare-earth oxides became available, the first 
application of Eu3+-activated phosphors as the red-emitting component in 
color television tubes was a real breakthrough.[32] In addition, the classic lamp 
phosphor [Ca5(PO4)3(F, Cl):Sb3+, Mn2+] was replaced by a mixture of three 
phosphors all activated with rare earth ions,[33] which highly simulate the 
fundamental research and various industrial applications. Encouraging 
progress has been achieved on the controlled synthesis and luminescence 
tuning of lanthanide-doped nanocrystals such as yttrium vanadates,[34-36] 
lanthanum phosphates,[37-39] and lanthanum fluorides.[40-41] Moreover, the 
successful preparation of water-soluble lanthanide-doped nanocrystals has 
flourished their application fields, such as cell imaging,[42-44] magnetic 
resonance imaging (MRI),[45-46] bio-detection,[47-49] photodynamic therapy 














Figure 1.2 Schematic representations of optical transitions in semiconductor 
(a) and lanthanide-doped insulator (b). In a semiconductor, absorption of a 
photon with energy greater than that of the band gap creates electrons in 
conduction band (CB) and holes in valence band (VB), the promoted excited 
electron then quickly relax to the lowest excited energy state, dissipating 
excess energy as heat; emission occurs subsequently by electron-hole 
recombination. In a lanthanide-doped insulator, the excitation and emission 
originate from the electron transition in the energy levels of the trivalent 












1.2 Introduction to Luminescence  
 
  The luminescence of inorganic nanomaterials can be roughly classified into 
two mechanisms: luminescence of semiconductors through band-to-band 
excitation (semiconductor QDs) and luminescence of localized centers or 
activators (lanthanide-doped nanomaterials). The detail provided in this 
section will highlight the fundamental luminescence theory, follows by the 
specific luminescence theory luminescence QDs and lanthanide-doped 
nanocrystals. 
 
1.2.1 Phenomena of luminescence 
 
  Luminescence is the emission of light from any substance, and occurs from 
electronically excited states. Luminescence can be divided into two categories 
depending on the nature of the excited state: fluorescence and 
phosphorescence. Typically, fluorescence is emission of light from singlet 
excited states, in which the electron in the excited orbital has the opposite spin 
orientation as the ground-state electron. Therefore, transitions to the ground 
state are spin allowed and the emission rates are fast (108 s-1), and 
corresponding a typical fluorescence lifetime is about 10 ns. Fluorescence 
typically occurs from organic aromatic molecules. While phosphorescence 




has the same spin orientation as the ground-state electron. Therefore, return to 
the ground state are forbidden and the emission rates are slow (103 to 100 s-1), 
so that phosphorescence life-times are typically milliseconds to seconds. 
Except for organic fluorophores, novel inorganic fluorophores such as 
semiconductor nanocrystals, lanthanides, and transition metal-ligand 
complexes are feature unusually long lifetimes are prevalent. These inorganic 
fluorophores are also occasionally called as “luminophore”, because it is not 
clear if the emission occurs from a singlet or triplet state.[53]  
 
1.2.2 Jablonski diagram 
 
  Jablonski diagram are often used in a variety of forms when discussing light 
absorption and emission (Figure 1.3). The singlet ground, first, and second 
electronic states are depicted by S0, S1, and S2, respectively. Following light 
absorption, several processes usually occur. Molecule first absorbs light to 
jump to some higher vibrational level of either S1 or S2, then immediately 
relax to the lowest vibrational energy state of S1 through vibrational relaxation 
(in one excited state) and internal conversion (between different excited states 
with the same spin-orbit multiplet). Molecules in the S1 state can return to the 
ground state accompanied with emission (fluorescence) and heat 
(non-radiative relaxation). It can also undergo a spin conversion to the first 








Figure 1.3 Schematic representations of Jablonski energy diagram showing 










accompanied with phosphorescence emission. Phosphorescence is generally 
shifted to longer wavelengths (lower energy) relative to the fluorescence. 
Since transition from T1 to the S0 is forbidden, the rate constants for triplet 
emission are several orders of magnitude smaller than those for 
fluorescence.[53] 
 
1.2.3 Characteristics of fluorescence emission 
 
  The phenomenon of fluorescence presents several general characteristics:[53] 
  (1) The Stokes shift 
  Stokes shift is the difference (in wavelength or frequency units) between 
positions of the band maxima of the absorption and emission spectra of the 
same electronic transition. The Stokes’s shifts can be caused by energy losses 
due to relaxation to ground vibrational states, solvent effects, excited state 
reactions, complex formation, and energy transfer.  
  (2) Excitation wavelength independent emission spectra 
  Florescence always occurs from the lowest vibrational level of the first 
singlet excited electronic state. Therefore, fluorescence emission spectra are 
generally independent of the absorption wavelength.  
  (3) Fluorescence lifetimes and quantum yields 
  The fluorescence lifetime and quantum yield are important characteristics of 




relative to the number of absorbed photons. The lifetime of the excited state is 
defined as the average time the molecule spends in the excited state prior to 
return to the ground state. A typical fluorescence lifetime is near 10 ns. 
 
1.2.4 Luminescence of quantum dots 
 
  In semiconductors, the electron in the valence band can be excited by 
photon absorption and promoted to the conduction band, creating a “hole” in 
the valence band. The excited electron will return back to fill in the hole and 
emit light. This is conceptually the same as conventional fluorescence. 
However, quantum dots have several optical characteristics which distinguish 
them from conventional organic fluorophores because of the quantum 
confinement effect. In this section, after giving the fundamental concept of 
quantum confinement effect (1.2.4.1), we focus on two important optical 
properties: size-dependent (1.2.4.2) and shape-dependent (1.2.4.3) optical 
properties. 
 
1.2.4.1 Quantum confinement effect 
 
  QDs bridge the gap between small molecules and larger crystals, displaying 
discrete electronic transitions (Figure 1.4a).[26] This is ascribe to the essential 




dimensions of crystals decrease below a certain critical limit, the electrons and 
holes are confined in the dimensions. The continuous band structures of 
corresponding bulk material would become discrete. These discrete electronic 
transitions are derived from the concept of quantum confinement effect 
(Figrue 1.4b).[27] This effect can be observed once the diameter of the particles 
is of the same magnitude as the wavelength of the electron wave function. 
When the materials are small enough, their electronic and optical properties 
deviate from those of bulk materials.  
 
1.2.4.2 Size-dependent optical properties 
 
The most important consequence of the quantum confinement effect is the size 
dependence of the optical properties for semiconductor QDs. The fluorescence 
spectrum is directly related to the energy levels of the QDs. The larger dots 
emit redder (lower energy) light. In another word, smaller dots can emit bluer 
(higher energy) light. Consequently, precise control the size of the particles 
allows the possibility of creating materials with identical chemical 
compositions yet exhibit varying properties. One of the classic examples is the 
gradual blue-shift in the fluorescent emission of CdSe@ZnS nanocrystals as 
their size decreases under a single wavelength excitation (Figure 1.5).[54] The 







Figure 1.4 (a) Schematic representations of electronic energy states of discrete 
molecules, nanosized crystals and bulk crystals. Ground state electron 
occupation was highlighted in blue. (Reprinted with permission from ref. 27. 
Copyright 2009, American Chemical Society). (b) Schematic representation of 
the electronic structure in solids: quantum confinement effect on changing 
quantum dot size. Different sized nanocrystals of the same materials emit 













Figure 1.5 Tunable distinguishable emission colors of different sized 
CdSe@ZnS QDs excited with a near-UV lamp. From left to right (blue to red), 
the emission maxima are located at 443, 473, 481, 500, 518, 543, 565, 587, 
610, and 655 nm, respectively. (Reprinted with permission from ref. 54. 













understood as a particle-in-a box problem, where the energy level spacing 
increases as the box dimension is reduced due to the quantum confinement 
effect.[55] Identifying this phenomenon motivates researchers to prepare many 
kinds of nanocrystals with various diameters in order to obtain tunable 
emissions of the QDs, such as CdS,[56] CdSe,[20] CdTe,[57] PbS, PbSe,[58] and 
PbTe.[59] 
 
1.2.4.3 Shape effect 
 
Besides size-dependence, varying the shape of nanocrystals can be used as 
an efficient way to control their optical properties.[60] A commonly accepted 
way to describe nanostructured materials revolves around defining the 
particular dimensions other than nanometer size scale. Based on these 
description, there are four classifications of nanomaterials: 0-dimensional 
(0-D), 1-D, 2-D and 3-D. Spherical (0-D),[57-59] nonspherical architectures 
such as rods,[61] wires (1-D),[62-65] multipod structures,[66-67] nanosheets 
(2-D)[68-70] and their assemblies (3-D)[71-72] have demonstrated a fascinating 
variety of optical properties. The special features of the optical properties 
achieved by different shapes of the nanocrystals can be used in various device 
application. 
In spherical nanocrystals, which can be considered as 0-dimensional objects, 




positions of the electronic levels are dominated by the size of the smallest 
axes.[73] If one axis of the nanocrystal is extended, the density of the electronic 
states slightly changes. In this case the confinement effect is now exerted only 
in two dimensions. Therefore, the band gap could be tuned to a precise energy 
depending on the degree of confinement and the dimensionality. The elongated 
nanostructures (1-D) have been shown that emit linearly polarized light with a 
relatively wide energy separation between the absorption and emission 
maxima. This energy separation is called Stokes shift, which can reduce light 
re-absorption for various light emission applications.[74] Tripods, i.e. 
nanocrystals with three rod-shaped arms, exhibit an interesting structure of 
their excited states. Electrons and holes can be localized in the core region 
where the arms are linked, and the overlap between the two wave functions 
differs considerably from one state to another.[75] Quantum wells are 
well-established components of optoelectronic devices, and their colloidal 
“disks” or “sheets” analogues have recently been described, which may have 
novel piezoelectric applications.[76] 
 
1.2.5 Luminescence of lanthanide-doped nanocrystals 
 
Lanthanide ions hold a special place in luminescence materials because of 
their unique photophysical properties. Differing from semiconductor QDs 




nanocrystals, the optical property of lanthanide-doped insulators mainly 
depends on the diverse energy levels within 4f orbitals of lanthanide ions.  
 
1.2.5.1 Electron configurations and energy level of lanthanide ions 
 
The lanthanides are those in which the 4fn orbitals are gradually filled (0 < n 
< 14). The lanthanide ions have the electron configuration [Xe] 4fn (Table 1.1). 
Y3+ is usually also treated as a lanthanide ion, because of similar reactivity and 
coordination behavior.[77]  
The electron configuration of Y3+ ion is: 
1s22s22p63s23p63d104s24p6 
The electron configuration of lanthanum atoms is: 
1s22s22p63s23p63d104s24p64d104fn5s25p6 
The arrangements of electrons within the 4fn configuration are substantially 
diverse, resulting in a fairly large number of energetic states. Most of the 
fascinating optical properties of lanthanide ions can be ascribed to the electron 
transitions within this 4fn configuration. Moreover, because this 4f shell is 
shielded by completely filled 5s25p6 electron shells, the influence of external 
electric and magnetic fields on 4f electrons are very small. Therefore, the 
luminescence of Ln3+ appears as well-separated narrow peaks with defined 
wavelengths rather than overlapped broad bands. In addition, because of 




coefficients (typically < 1 M-1s-1).[78-80] 
  A substantial part of the energy levels from the 4fn configuration as a 
function of n for the trivalent lanthanide ions was presented in Figure 1.6. Two 
of lanthanide ions (La3+, Lu3+) and Y3+ ion are not shown in this figure: these 
three ions have either a completely empty or a completely filled 4f shell, 
respectively. For this reason, these ions are optical inert without optical 
transitions, which are typically used as host materials as well as Gd3+. The 
luminescence of materials depends on the doped lanthanide ion. For instance, 
Tb3+ emits green light, Eu3+ red light, and Sm3+ orange light. Yb3+, Nd3+ and 
Er3+ are well-known for their near-infrared luminescence, other lanthanide 
ions (Pr3+, Sm3+, Dy3+, Ho3+, and Tm3+) also show transitions in the near 
infrared region. Tm3+ emits blue light from its 3P0, 1D2, and 1G4 energy states. 















Element Symbol Atomic number Configuration
Ground 
state 
Lanthanum    La 57 [Xe] 1S0 
Cerium  Ce 58 [Xe]4f1 2F5/2 
Praseodymium  Pr 59 [Xe]4f2 3H4 
Neodymium    Nd 60 [Xe]4f3 4I9/2 
Promethium  Pm 61 [Xe]4f4 5I4 
Samarium   Sm 62 [Xe]4f5 6H5/2 
Europium   Eu 63 [Xe]4f6 7F0 
Gadolinium    Gd 64 [Xe]4f7 8S7/2 
Terbium Tb 65 [Xe]4f8 7F6 
Dysprosium Dy 66 [Xe]4f9 6H15/2 
Holmium Ho 67 [Xe]4f10 5I8 
Erbium Er 68 [Xe]4f11 4I15/2 
Thulium Tm 69 [Xe]4f12 3H6 
Ytterbium Yb 70 [Xe]4f13 2F7/2 
Lutetium  Lu 71 [Xe]4f14 1S0 
 


















Figure 1.6 The 4fn energy levels diagrams of the trivalent lanthanide ions 









1.2.5.2 Excitation process 
 
  The excitation energy can be directly or indirectly (via a sensitizer) 
absorbed by the dopant ions as shown in Figure 1.7. 
  (1) Direct process: A luminescent center in a host lattice, often called an 
activator, can be raised to an excited state under exciting radiation. 
Subsequently the excited state returns to the ground state accompanied with 
emission. Typical examples include Al2O3:Cr3+ and Y2O3:Eu3+. The host 
materials are Al2O3and Y2O3, and the activators are Cr3+ and Eu3+. In the case 
of ruby Al2O3:Cr3+, Cr3+ is responsible for the optical absorption and emit 
deepred luminescence under excitation with ultraviolet and visible light.[83] 
However, in many luminescent materials, the excited energy cannot be 
directly absorbed by the activator. 
  (2) Indirect process: To induce luminescence from an activator without 
efficient absorption for the available excitation energy, another ion is often 
employed in the host material. This ion, called sensitizer, can absorb the 
excitation energy and transfer it to the activator. The sensitizer could be the 
doped metal ions (transition metal ion and lanthanide ion) and the host 
matrices themselves. In the case of lanthanide ions, various effective 
lanthanide ion pairs were investigated, such as Ce3+-Tb3+, Bi3+-Eu3+, Bi3+-Dy3+, 
Yb3+-Er3+ and Yb3+-Tm3+.[84-85] For host lattice sensitizer, YVO4:Eu3+ and 








Figure 1.7 Excitation mechanisms of lanthanide-doped luminescent materials. 
(a) Direct excitation of a lanthanide activator. (b) Indirect excitation: 
excitation of a sensitizer followed by energy transfer from a sensitizer to the 
activator. A and A* denote the ground and excited state of the activator, 













1.2.5.3 Energy transfer 
 
  Energy transfer is an important optical process that requires the co-existence 
of both the sensitizer and the activator (marked as S and A, respectively). Four 
basic energy transfer processes have been proposed and observed in 
lanthanide-doped materials (Figure 1.8):[31]  
  (1) Resonant radiative transfer;  
  (2) Non-radiative transfer;  
  (3) Multiphonon-assisted energy transfer;  
  (4) Cross-relaxation between two identical ions.  
  In radiative energy transfer, the photons are emitted by the sensitizer and 
then absorbed by the activator (Figure 1.8a). The process requires a significant 
spectral overlap between the emission of sensitizer and the absorption of 
activator. If the radiative energy transfer prevails, the decay time of the 
sensitized energy state does not vary as a function of activator concentration. 
While for the nonradiative energy transfer (Fig. 1.8b), it is often accompanied 
by a remarkable decrease in the decay time of the sensitized emission with the 
activator concentration. Two other evidences for the occurrence of 
nonradiative energy transfer are: i) the excitation band of sensitizer found in 
the excitation spectrum of the activator emission, and ii) the activator emission 
can be found in the emission spectrum when the sensitizer is excited 









Figure 1.8 Schematic representations of the different energy transfer 
processes between two ions: (a) resonant radiative transfer through emission 
of sensitizer and re-absorption by activator; (b) nonradiative transfer 
associated with resonance between sensitizer and activator; (c) multi-phonon 
assisted energy transfer; and (d) cross-relaxation between two identical ions. S 













differences between the ground and excited states of sensitizer and acceptor 
are equal and ii) a suitable interaction, either an exchange interaction or a 
multipolar interaction. Multipolar interaction (Förster Resonance Energy 
Transfer) primarily relies on the strength of the involved optical transitions 
and can operate over a distance up to 3 nm, playing a dominant role in the 
energy transfer process between lanthanide ions. Exchange interaction (Dexter 
energy transfer) requires the wave function overlap and thus only operates 
over very short distances (~ 0.5 nm).[88]  
  When energy mismatches are encountered between sensitizer and activator, 
phonon-assisted energy transfer occurs, resulting in little spectral overlap (Fig. 
1.8c). In this case, the mismatch between the transition energies of sensitizer 
and activator is compensated by phonon emission or absorption. 
Cross-relaxation usually refers to the all types of down-conversion energy 
transfer between identical ions, acting as both sensitizers and activators (Fig. 
1.8d).  
  As shown in Fig. 1.8d, cross-relaxation may give rise to: i) the diffusion 
process between sensitizers when the energy levels involved are identical 
(energy migration), in which no energy will lost; ii) self-quenching when they 
are different with a change or loss in the energy of the emitted photons.[31] 
Since the cross-relaxation process depends on the interaction between two ions, 
concentration quenching of luminescence will occur when the concentration of 
































emissions of Tb3+ and Eu3+ can be quenched if the concentration is high 
because the following cross-relaxations may occur (Figure 1.9): 
                              5D3 + 7F6 → 5D4 + 7F0 (Tb3+)  
                              5D1 + 7F0 → 5D0 + 7F3 (Eu3+) 
A Tb3+ (or Eu3+) ion in the 5D3 (5D1) excited state can transfer its energy to a 
neighboring Tb3+ (or Eu3+) ion promoting it to the 7F0 (7F3) level. The 
higher-energy level emission is quenched in favor of the lower energy level 
emission.[83] 
 
1.2.5.4 Upconversion process 
 
  Upconversion refers to a process generating higher-energy emission under 
low-energy radiation. This concept was first discovered by Auzel in 1966.[89] 
Since then, there has been focused for many years due to its applications in 
various fields, such as compact solid-state lasers, data storage, temperature 
sensors, lighting and displays, as well as biomedical applications.[89-90]  
  Upconversion process are mainly divided into four classes (Figure 1.10): 
excited-state absorption (ESA), energy transfer upconversion (ETU), photon 
avalanche (PA) and energy migration-mediated upconversion (EMU).[12,91] All 
the first three mechanisms involve the sequential absorption of two or more 
photons by metastable, long-lived energy states. This sequential absorption 










Figure 1.10 Up-conversion processes. (a) Excited state absorption (ESA); (b) 
Energy transfer up-conversion (ETU); (c) photon avalanche (PA); (d) energy 
migration-mediated up-conversion (EMU) involving four types of lanthanide 
ions doped in different region of core-shell nanocrystals. Note that core and 
shell regions are highlighted with different background colors. A sensitizer ion 
(type I) first transfers its excitation energy to an accumulator ion (type II). The 
energy transfer from the high-lying excited state of the accumulator to a 
migrator ion (type III) then occurs, followed by the migration of excitation 
energy via the migrator ion sublattice through the core–shell interface. 
Subsequently, the migrating energy is trapped by the activator ion (type IV), 
resulting in up-conversion emission. The ‘nx’ represents the occurrence of 
random hopping through many type-III ions. (Reprinted with permission from 















In the case of ESA, the emitting ions sequentially absorb two photons of 
suitable energy to reach the emitting level. In an ETU process, energy transfer 
occurs between two neighboring ions. First, one photon is absorbed by one ion, 
and then a subsequent non-radiative energy transfer from neighboring ions 
would result in the population of a highly excited state of the emitting ion. 
  Recently, energy migration-mediated upconversion (EMU) process was 
proposed by our group, involving the utilization of four types of lanthanide 
ions doped in different region of a core-shell structure.[91] This gadolinium 
sublattice-mediated energy migration effect enables a wide range of 
upconversion emissions in different types of lanthanide activators without 




“Bottom-up” and “top-down” approaches are two well-known synthetic 
procedures for nanocrystal preparations. In top-down approach, bulk materials 
are broken down into nanosized structures or particles using traditional 
microfabrication methods, such as photolithography and inkjet printing.[92] 
While in bottom-up approach, small building blocks are assembled into larger 
structures in hydrolytic or nonhydrolytic media.[93-100] This liquid-phase 
method shows great potential for making useful materials, offering many 




synthesis methods can better control of the size, shape, and phase of crystals; 
ii) these colloidal nanocrystals are well-dispersed in either a aqueous or a 
non-aqueous media; iii) these nanocrystals can be easily modified by different 
functional materials to meet various application requirements.  
  In earlier synthesis approaches for colloidal nanocrystals, the nanocrystals 
can be grown in aqueous media at room temperature.[101-104] Several 
semiconductor [101-102,104] and metal oxide [103-104] nanocrystals have been 
synthesized using this method starting from ionic precursors. However, the pH 
value of the reaction solution must be adjusted in both the synthesis and 
purification process, and the products often exhibit relatively poor crystallinity, 
high size- (or phase-) polydispersity.[96,105] 
  To overcome these problems, non-aqueous thermal methods using organic 
surfactants under high temperature have been developed. This non-aqueous 
colloidal route can produce nanocrystals with excellent crystallinity and 
monodispersity. Moreover, this route can successfully separate nucleation and 
growth steps. Therefore, better control of the size, phase and shape of 
nanocrystals becomes reality by changing variables such as precursor 
concentration, the type of surfactant and solvent molecules, and reaction 
temperature.  
  Over the past two decades, various precursors for luminescent 
nanomaterials synthesis have been developed, such as single-source precursor, 




metal-alkanethiolate, metal-oleylamine complexes and metal-oleate complexes. 
Murray pioneered the use of organometallic precursors for nanocrystals 
synthesis in the non-aqueous solution.[105] They introduced dimethyl cadmium 
(Me2Cd) as precursors to synthesize high quality CdSe quantum dots.[106] In 
this organometallic precursor method, the coordinating solvents (e.g. 
trioctylphosphine oxide, trioctylphosphine and trioctylamine) are usually 
employed to offer the crucial environment for the crystal growth and the 
resulting nanocrystals stabilization.  
  However, the traditional organometallic precursors suffer some 
disadvantages, such as toxic, expensive, unstable and sometimes explosive. 
Sophisticated storage and reaction equipment are usually required. Therefore, 
new precursor candidates are urgently required. Subsequently, a wide variety 
of precursors have been identified as possible candidates, including metal 
oxides, metal carbonates, metal hydroxides, metal acetates[107] and metal 
acetylacetonates[99, 108-111] single-source precursor, metal-alkanethiolate, 
metal-oleylamine complexes and metal-oleate complexes.[112] This synthetic 
route provides many advantages: (1) less expensive and simpler approaches 
used; (2) monodispersed and highly crystallized products; (3) high yield; (4) 
diversity; many transition metal (Fe, Mn, and Zn)[113-114] and rare earth 
(Gd)[115-116] oxide/sulfide nanocrystals can be prepared; (5) environmentally 
friendly[114]. 




four categories: coprecipitation, microemulsions, sol-gel, and 
hydro/solvothermal approaches.[117] Factors influencing the final products 
include reactants concentration, reaction temperature, pH, and the order of 
reagents addition. Furthermore, particle size, size distribution, phase, shape, 
amount of crystallinity, and degree of dispersion can be significantly affected 
by reaction kinetics.  
  In general, the nucleation and growth process can be divided into five 
steps.[118-119] The first step involves the reaction of identical precursors 
(monomers) for desirable products (i.e., semiconductors, metals, oxide 
compounds), followed by clusters or precursor growth process (step II). These 
steps I and II are reversible. After the cluster grows to a critical size, the 
growth process becomes irreversible (step III, thermodynamics condition). 
The crystal size can be tuned by the aid of stabilizers (step IV), such as donor 
ligands, polymers, and surfactants. The last step (V) involves the 
particle-particle (formed in step IV) interactions in order to produce larger 










nanoparticles research has resulted in a great deal of information on their 
various synthesis and fabrication techniques, thus endowing them with new 
optical properties. Therefore, this thesis intended to contribute to further 
investigation on synthesis, structure, property, and their inter-relationship of 
these luminescent nanoparticles. More specifically, the main aim of this study 
was to focus on the fabrication various types of monodispersed luminescent 
nanocrystals displaying uniform morphologies and unprecedented optical 
properties. The specific objectives of this research included: 
(1) Controlling the morphology and size of luminescent nanomaterials, 
including ZnS, CdS, NaYF4; 
(2) Investigate the growth mechanism of one-dimensional quantum-sized 
nanocrystals: a case study of ZnS nanowires; 
(3) Fine-tuning optical properties of the as-prepared luminescent 
nanomaterials;  
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CHAPTER 2: Morphology Control and Mechanism Study of 





Controlled synthesis of metal sulfides with well-defined sizes, shapes, and 
compositions has provided a powerful tool for tailoring their properties and 
paved the way for far-reaching applications ranging from optoelectronics, 
catalysis and plasmonics to medical diagnostics.[1-20] Over the past two 
decades, various synthetic methods of metal sulfides have been developed, 
such as single-source precursor-based method,[21-25] solventless synthesis, 
organic amine-assisted hydrothermal route, the thermolysis of 
metal-alkanethiolate, metal-oleylamine complexes and metal-oleate 
complexes.[26-34] Single-source precursors approach, as initially reported by 
Trindade and O’Brien,[21-22] has attracted significant interest because it has 
many advantages. For example, the precursor is ease for use, less toxic and 
very stable. Meanwhile, high yield and high quality products could be readily 
obtained under relatively mild reaction conditions.[23] This approach has been 
widely used in the synthesis of metal sulfides nanocrystals including ZnS, CdS, 
Ag2S, PbS, Bi2S3, which typically contained sulphur-containing organic 




mecaptobenzothiazole.[35-43] However, developing a new generation of such 
single-source precursor and nanomaterials with revolutionary properties is 
highly desired in the global industry. Herein, a new kind of precursor metal 
dicarbazoledithiocarbamates was designed and synthesized. Carbazole 
molecule is stable, less toxic and less volatile compared to organic amine. It 
has a high melting point around 246 oC and can sublime at high temperatures. 
Therefore, it is possible to recycle the starting materials for the synthesis of the 
precursors. These advantages make it possible for industrial applications and 
commercialization.  
Alongside this, ultrathin ZnS nanowires with diameter of less than 2 nm 
have attracted significant interest over the past few years because of their 
unique properties, and their considerable promise in sensors, phosphor host 
materials, photodetectors, and other devices.[44-52] The synthetic approaches 
for ultrathin ZnS nanowires have been extensively studied.[53-54] In particular, 
Liu and coworkers have successfully prepared ultrathin single crystal ZnS 
nanowires with a diameter of 1.2 nm.[45] However, the growth mechanism of 
ZnS nanowires still lacks sufficient understanding.[55-57]  
Since oriented attachment (OA) mechanism was found by Penn and 
Banfield in 1998,[58-60] extensive interest has been driven by the importance 
and versatility of this mechanism for the nanomaterial design and 
preparation.[61-77] The concept of OA, self-organization of nano-sized building 




orientation, is one of the most promising approaches for the fabrication of one 
dimensional nanomaterials. Typically, the OA mechanism has been observed 
in the preparation of semiconducting systems.[78-87] These observations prove 
the validity of OA mechanism in the fabrication of one dimensional or higher 
dimensional semiconductor nanostructures. 
  Here, we demonstrated that metal dicarbazoledithiocarbamates could be a 
new kind of promising candidates for the synthesis of ZnS and CdS 
nanocrystals. The synthesized nanocrystals possess well-controlled sizes, 
morphologies and shapes using oleylamine as capping ligand and solvent. We 
also developed a new method to synthesize ultrathin ZnS nanowires with 1.5 
nm in diameter from a single-source precursor. Furthermore, we proved that 
the growth of the ultrathin ZnS nanowires was followed by oriented 
attachment mechanism.  
 




  Zinc chloride (98%), cadmium chloride (98%), carbazole (95%), potassium 
hydroxide (85%), oleylamine (70%, tech. grade), ethanol, isopropyl alcohol 
(IPA), carbon disulphide (CS2), dimethylsulfoxide (DMSO) and cyclohexane 




synthesis and manipulations of nanocrystals were carried out using standard 




  Synthesis of M(CCA)2 precursor (M = Zn, Cd; CCA = 
carbazoledithiocarbamates): 12 mmol of carbazole was dissolved in 50 mL 
dimethylsulfoxide in three-necked flask. 12 mmol grinded potassium 
hydroxide was added, and the mixture was allowed to react for 4 ~ 5 hours at 
room temperature. After the solution became transparent, excess carbon 
disulphide was added in an ice bath, and then stirred for 5 hours. Then excess 
water was added into the resulting red colloidal solution of KCCA. Zinc or 
cadmium chloride aqueous solution was added dropwise into the KCCA 
solution. When the reaction was complete, the resulting solids were collected 
by filtering after sonication for 30 min. The precursor of Zn(CCA)2 or 
Cd(CCA)2 was washed with distilled water for several times before being 
dried under vacuum. 
  Synthesis of ZnS Nanospheres: 8 mL oleylamine was heated to 100 oC to 
remove water and oxygen with vigorous magnetic stirring under vacuum for 1 
h in a temperature-controlled electromantle. The solution was then heated to 
300 oC under argon atmosphere. In another flask, Zn(CCA)2 was dissolved in 




injected into the hot solution. After 3 hours, the reaction was stopped before 
cooling down to room temperature. With excess ethanol poured into the 
solution, the resultant mixture was centrifugally separated and the products 
were re-dispersed in cyclohexane for optical and TEM measurements. 
  Synthesis of ZnS Nanorods: 10 mL oleylamine was heated to 100 oC to 
remove water and oxygen and then cooled down to room temperature. 0.17 
mmol Zn(CCA)2 was dissolved in the oleylamine solution at room temperature. 
The resulting solution was heated to 280 oC and maintained for 1 h under 
argon atmosphere.  
  Synthesis of ZnS nanowires: The synthesis of ZnS nanowires was 
identical to that for ZnS nanorods except the use of 0.085mmol Zn(CCA)2 and 
a final-step heat treatment at 230 oC.  
  Synthesis of sub-2 nm ZnS nanowires: Sub-2 nm ZnS nanowires were 
obtained according to a modified typical process for making ZnS nanowires. 
0.085 mmol Zn(CCA)2 was added and then this solution was heated to 170 oC 
and kept for 8 h under argon atmosphere before cooling down to room 
temperature.  
  Synthesis of CdS nanorods: 80 mg Cd(CCA)2 was dissolved in 10 mL dry 
oleylamine at room temperature. This solution was slowly heated to 100 oC 
and aged for 12 h under argon atmosphere. The precipitate was washed with 
ethanol for several times and then dispersed in cyclohexane.  




oleylamine at room temperature. This solution was heated to 120 oC and aged 
for 2.5 h under argon atmosphere before cooling to room temperature.  
  Synthesis of CdS Nanospheres: 8 mL oleylamine was heated to 100 oC to 
remove water and oxygen and then heated to 300 oC under argon atmosphere. 
40 mg Cd(CCA)2 dissolved in 2 mL dry oleylamine was swiftly injected into 
this solution. After 30 s, the reaction was stopped.  
  Synthesis of ZnS nanorods with 1-dodecanethiol as cosurfactant: 10 mL 
oleylamine and 162 μl 1-dodecanethiol were heated to 80 oC to remove water 
and oxygen with vigorous magnetic stirring under vacuum for 1 h and then 
cooled down to room temperature. 0.085mmol Zn(CCA)2 was added and then 
this solution was heated to 170 oC under argon atmosphere for 4 hours and 




  TEM measurements were carried out on a JEOL-1400 transmission electron 
microscope (JEOL) operating at an acceleration voltage of 120 kV. X-Ray 
power diffraction (XRD) analysis was carried out on a Siemens D5005 X-ray 
diffractometer with Cu Kα radiation (λ = 1.5406 Å). UV-visible (UV-vis) 
spectroscopy was performed on a Shimadzu UV-2450 spectrophotometer. 
Emission spectra were obtained with a Perkin–Elmer LS55 luminescence 




SDT 2960 apparatus with a sample size of 2 mg per run under a N2 
atmosphere.  
 
2.3 Results and Discussion 
 
  The zinc dicarbazoledithiocarbamates Zn(CCA)2 and cadmium 
dicarbazoledithiocarbamates Cd(CCA)2 precursors are yellow solids that can 
be dissolved in various solvents such as THF, oleic acid, oleylamine, 
1-dodecanethiol and 1-octadecene. They are air-stable, easy to prepare and 
purify, and can be stored at room temperature for more than 3 years. Moreover, 
the thermogravimetric analysis (TGA) curves of the precursor compounds 
indicate a fairly clean and swift decomposition at moderate temperatures 
(Figure 2.1 and 2.2). 
  Controlled morphologies, sizes and shapes of ZnS can be easily tuned by 
adjusting the concentration, temperature and synthesis methods (hot-injection 
and heating-up). Well-defined ZnS nanostructures were characterized by 
transmission electron microscopy (TEM) and high-resolution TEM (Figure 2.3 
and 2.5). The as-synthesized nanocrystals were confirmed to be single crystals 
by high-resolution TEM (Figure 2.5 a-c) and XRD studies (Figure 2.4 and 
Figure 2.5 d). In general, heating-up synthesis favors the formation of 
elongated morphologiesof ZnS nanostructures at lower temperature, similar to 








Figure 2.1. (a) FT-IR spectrum of as-synthesized Zn(CCA)2 (b) TGA curve of 
Zn(CCA)2 (c) and (d) UV-vis and photoluminescence spectra of Zn(CCA)2 



























Figure 2.2. (a) FT-IR spectrum of as-synthesized Cd(CCA)2 (b) TGA curve of 
Cd(CCA)2 (c) and (d) UV-vis and photoluminescence spectra of Cd(CCA)2 





















nanorods were observed using heating-up method over a wide reaction 
temperature from 170 oC to 280 oC, while uniform ZnS nanospheres with 5.5 
nm in diameter were obtained by hot-injection method at 300 oC. CdS 
nanorods and bipod-like nanocrystals were obtained by heat up to a low 
reaction temperature 100 oC and 120 oC, respectively. Similarly, CdS 
nanospheres were synthesized by hot-injection method at 300 oC. These may 
be due to the difference in the surface energies: for heating-up method, the 
higher surface energy in crystal structure compared to that of the other facets 
led to the formation of nanorods and nanowires; while for hot-injection 
method, the difference in the surface energies is quite small and becomes 
insignificant at high temperature resulted in the formation of nanospheres.[89] 
The phase of the nanocrystals was confirmed by powder X-ray diffraction 
(XRD). The resulting ZnS products prepared from heating-up method are in 
wurtzite phase obtained over a temperature range from 300 oC to 170 oC 
(JCPDS: 36-1450, space group: p63mc, Wurtzite-2H). While the ZnS 
nanospheres synthesized from hot-injection are in zinc blende phase (JCPDS: 
05-0566, space group: F-43m, Sphalerite). This may be due to nucleation 
process of two methods are different, the phase of the final ZnS nanocrystals 
was determined by the original phase of nucleates.[90-92] Therefore, no matter 
which temperature the reaction is allowed to proceed at, wurtzite phase ZnS 
nanocrystals can be obtained by heating-up method while the nanospheres 








Figure 2.3. (a) ZnS nanospheres synthesized at 300 oC for 3 h by hot-injection 
method. (b) ZnS nanorods prepared at 280 oC for 1 h by heating-up method. (c) 
ZnS nanowires obtained at 230 oC for 1 h by heating-up method. (Reaction 
original concentration: 80 mg Zn(CCA)2/10 ml oleylamine). The 
corresponding UV-vis (black curve) and photoluminescence (red curve) 
spectra of the ZnS nanocrystals (bottom), respectively. The scale bar: (a-c) 50 














Figure 2.4. XRD patterns of the ZnS nanospheres, nanorods, and nanowires, 












Figure 2.5. TEM images of the CdS nanocrystals. (a) CdS nanorods 
synthesized at 100 oC for 12 h by slowly heating- up method. (b) CdS bipods 
prepared at 120 oC for 2 h by heating-up method. (c) 7 nm CdS nanocrystals 
prepared at 300 oC for 30 s. (d) XRD patterns of CdS nanocrystals. Note that 
insert shows the crystal structure of as-synthesized CdS nanocrystals. The 












Figure 2.6.  XRD patterns of the ZnS nanocrystals synthesized at (a) 300 oC 
for 1 h, JCPDS: 36-1450, space group: p63mc, Wurtzite-2H. (b) 320 oC for 2 h 
by heating-up method (80 mg Zn(CCA)2/10 ml oleylamine). JCPDS: 39-1363, 
space group: p63mc, Wurtzite-8H. (c) 300 oC for 3 h by hot-injection method 







  The UV-vis absorption spectra (Figure 2.3) show pronounced absorption 
peaks for nanocrystals with different morphologies. The sharp absorption edge 
of the excitonic peaks indicates the relatively narrow size distribution. The 
absorption peak at 4.38 eV (283 nm) shows a large blue-shift relative to band 
gaps (3.72 eV) for bulk cubic zinc blende and (3.77 eV) for bulk hexagonal 
wurtzite ZnS, which indicates the existence of very strong quantum 
confinement effect. The absorption tail in the case of the nanospheres and 
nanorods was due to scattering by the crystals. The sharp absorption peak 
without long absorption tail maybe indicated the ultrasmall ZnS nanowires in 
diameter. The PL emission spectrum exhibits a broad band peak at 3.47 eV 
(357 nm), 3.73 eV (332 nm) and 3.67 eV (338 nm) for ZnS nanospheres, 
nanorods and nanowires respectively, which could be assigned to the surface 
states.[44-54] 
To investigate the growth mechanism of ZnS nanowires, we first 
synthesized ultrathin ZnS nanowires with a diameter of 1.5 nm by a 
heating-up method using oleylamine as mono-surfactant (Figure 2.7a). 
Oleylamine may act as nucleophiles and attack the lone-pair electrons of 
nitrogen on the most electron-deficient thiocarbonyl carbon as previously 
reported,[93-95] which could promote thermal decomposition of these precursors 
for the synthesis of metal sulfides at relative lower reaction temperature (170 
oC).[45] The as-synthesized nanowires were confirmed to be single crystals by 




illustrated that the nanowires are uniform in diameter. The broad 
photoluminescence is assigned to surface traps (Figure 2.7c). The XRD pattern 
of the nanowires can be indexed as a hexagonal phase of ZnS (Figure 2.7d). 
The composition of the nanowires was further confirmed by energy dispersive 
X-ray spectroscopy (Figure 2.7e).  
  Next, we follow the temporal evolution of the ultrathin ZnS nanowires by 
UV-vis spectrometer and high-resolution transmission electron microscopy 
(HRTEM). Four different growth stages for ZnS quantum wires were 
identified.[62] The system generated clusters (ultra-small intermediate species) 
in the beginning, which were readily observed in the UV-vis absorption 
spectra (stage I, Figure 2.8e) although these nanoparticles were too small to be 
observed by TEM. As the reaction proceeded, the absorption peak of clusters 
decreased gradually and eventually disappeared, while the absorption peak at 
the low-energy side of the nanoparticles increased and grew sharply, which 
indicates that the reaction went into the stage II, formation of nanoparticles by 
attachment of the clusters (Figure 2.8a). In stage III, because smaller particles 







Figure 2.7. (a-b) STEM image and HRTEM of the ultrathin ZnS nanowires. (c) 
The corresponding UV-vis and photoluminescence spectra of the ultrathin ZnS 
nanowires. (d) XRD patterns of the ZnS nanowires. (e) Energy dispersive 

















Figure 2.8. Typical HRTEM images of the ultrathin nanowires growth 
controlled by the OA mechanism. ZnS nanocrystals after reaction for 140 mins: 
The ultra-small ZnS nanoparticle (a); two ZnS nanoparticles attached to each 
other (b). ZnS nanocrystals after reaction for 280 mins: the formation of 
ultra-thin ZnS nanorods (c). ZnS nanocrystals after reaction for 460 mins: the 
formation of ultra-thin ZnS nanowires (d). (e) Evolution characteristics of the 
UV-vis absorption spectra of ZnS nanowires. The scale bar: (a-b）3 nm; (c-d) 5 

















individual particles collide and rotate into one orientation to form an elongated 
nanoparticle, which is named the grain-rotation-induced grain coalescence 
(GRIGC) mechanism as shown in Figure 2.8b.[61-77] They will further grow in 
a geometric arrangement in order to minimize the surface energy.[62] Therefore, 
solid nanorods and then nanowires will form through self-recrystallization of 
the nanoparticles (stage IV, Figure 2.8c and d). And the spectral position of the 
nanoparticles does not change (Figure 2.8e), proving that the nanowires were 
formed directly from the nanoparticles by oriented attachment.  
  We hypothesized that ultrathin ZnS nanowires are polymer-like structures 
built up by the linking together of large numbers of ZnS nanoparticles, as 
shown in Figure 2.9. Nanoparticle act as monomer unit that organize 
themselves into one dimensional (1-D) chain-like structures in a process 
analogous to step-growth polymerization.[96] The polymerization of ZnS 
nanowires can only occur when the formation of 1-D macromolecule-like 
assembly by the reversible, non-covalent bonds between the nanoparticles 
monomers. 
  To validate our hypothesis, the intermediate structure of 1-D nanoparticles 
assembly was investigated via TEM (Figure 2.10a). These are visual evidences 
that the nanoparticles were arranged in a linear chain during the early stages of 
the nanowires formation and also indicate that the nanowires were formed 
through the recrystallization of multiple nanoparticles in a linear aggregate 








Figure 2.9. Illustration of ultrathin ZnS nanowires growth controlled by OA 


















below were carried out to confirm this hypothesis. If the 1-D nanoparticles 
arrays contained independent nanoparticles sections, then one could destroy 
this linear assembly by directly aging sometime in cyclohexane.[82] As 
expected, only quantum rods with various lengths were observed after aging 
for two days (Figure 2.10b). This result is similar to the synthesis of ZnS 
nanorods by OA mechanism reported by Hyeon and coworkers.[57] They have 
demonstrated that ZnS nanorods were controlled by OA mechanism based on 
high temperature seed formation and low temperature growth technique. In 
contrast, single crystals of ZnS nanowires were obtained in our reaction 
system. Therefore, moderate reaction temperature should play an important 
role in the formation of ZnS nanowires, providing appropriate energy to 
arrange linear nanoparticles assembly. After cooling down to room 
temperature, only nanorods were observed. Moreover, the UV-vis spectrum of 
the aged sample red-shifted slightly from that of 1-D nanoparticles arrays, 
implying the aggregation of the nanoparticles in 1-D arrays (Figure 2.10c). By 
comparison, the absorption spectra of the solid nanowires did not show much 
change before and after aging for 2 days, indicating the stable crystal structure 
of ZnS nanowires.  
  In an attempt to further verify the 1-D nanoparticles arrays, we carried out 
the synthesis of ZnS nanowires at a different reaction temperature (230 oC, 
Figure 2.11a, b). The resulting TEM and HR-TEM images of ZnS nanocrystals 







Figure 2.10. (a) TEM image of ZnS 1-D nanoparticles arrays synthesized at 
170 oC. (b) TEM image of 1-D nanoparticles arrays after aging 2 days. The 
scale bar: 50 nm. (c) UV-vis spectra of before and after aging 2 days of 1-D 
NP arrays. (d) UV-vis spectra of before and after aging 2 days of solid 
















Figure 2.11. (a,b) TEM and HR-TEM images of ZnS 1-D nanoparticles arrays 
synthesized at 230 oC. (c) TEM image of ZnS ultrathin nanorods using 










structure. This is consistent with the morphology of ZnS nanocrystals 
synthesized at 170 oC. The existence of the 1-D nanoparticles arrays suggests 
a collective behavior of nanoparticles and the intermolecular interactions 
between them. The force capable of producing chains of nanoparticles is 
believed to be the anisotropic dipole-dipole attraction with long range 
effect.[81,97] To shed more light on the effect of oleylamine, a small amount of 
1-dodecanethiol was added as a cosurfactant in the reaction systerm, ultrathin 
nanorods were observed (Figure 2.11c). Oleylamine has a cis-double bond, 
which can form ordered monolayers stabilized by van der Waals interaction 
and π-π interaction, while 1-dodecanethiol, without the double bond, is likely 
to disturb this ordered monolayers and shorten the 1-D nanoparticles arrays, 




  Zn(CCA)2 and Cd(CCA)2 were proven to be a good candidate for the 
synthesis of high quality metal sulfides, which may enable the development of 
industrial applications. We have reported a simple, one-pot, mono-surfactant 
synthesis of multi-morphology ZnS and CdS nanocrystals from single 
carbazole-based precursors. We have presented the evidence for the assembly 
of ultra-small ZnS nanoparticles in 1-D polymer-like structures achieved by 






[1] Smith, A. M.; Nie, S. M. Acc. Chem. Res. 2010, 43,190.  
[2] Scholes, G. D. Adv. Funct. Mater. 2008, 18, 1157.  
[3] Yao, W.; Yu, S. Adv. Funct. Mater. 2008, 18, 3357. 
[4] Ma, Q.; Su, X. Analyst 2010, 135, 1867. 
[5] Park, J.; Joo, J.; Kwon, S. G.; Jang, Y.; Hyeon, T. Angew. Chem. Int. Ed. 
2007, 46, 4630. 
[6] Regulacio, M. D.; Han, M. Acc. Chem. Res. 2010, 43, 621.  
[7] Peng, X. Acc. Chem. Res. 2010, 43, 1387.  
[8] Shen, S.; Wang, X. Chem. Commun. 2010, 46, 6891.  
[9] Talapin, D. V.; Lee, J.; Kovalenko, M. V.; Shevchenko, E. V. Chem. Rev. 
2010, 110, 389. 
[10] Wang, F.; Tan, W.; Zhang, Y.; Fan, X.; Wang, M. Nanotechnology 2006, 
17, R1.  
[11] Jie, J.; Zhang, W.; Bello, I.; Lee, C.; Lee, S. Nano Today 2010, 5, 313.  
[12] Han, M.; Gao, X.; Su, J.; Nie, S. Nat. Biotechnol. 2001, 19, 631.  
[13] Klimov, V. I.; Ivanov, S. A.; Nanda, J.; Achermann, M.; Bezel, I.; 
McGuire, J. A.; Piryatinski, A. Nature, 2007, 447, 441.  
[14] Medintz, I. L.; Uyeda, H. T.; Goldman, E. R.; Mattoussi, H. Nat. Mater. 
2005, 4, 435.  




[16] Yoffe, A. D. Adv. Phys. 2001, 50, 1.  
[17] Reiss, P.; Protière, M.; Li, L. Small 2009, 5, 154.  
[18] Gaponik, N.; Hickey, S. G.; Dorfs, D.; Rogach, A. L.; Eychmüller, A. 
Small 2010, 6, 1364. 
[19] Zhao, F.; Sun, H. L.; Su, G.; Gao, S. Small 2006, 2, 244.  
[20] Zhu, G.; Zhang, S.; Xu, Z.; Ma, J.; Shen, X. J. Am. Chem. Soc. 2011, 133, 
15605. 
[21] Trindade, T.; O’Brien, P. Adv. Mater. 1996, 8, 161.  
[22] Trindade, T.; O’Brien, Chem. Mater. 1997, 9, 523.  
[24] Afzaal, M.; Malik, M. A.; O’Brien, P. New J. Chem. 2007, 31, 2029.  
[25] Vittal, J. J.; Ng, M. T. Acc. Chem. Res. 2006, 39, 869. 
[26] Lee, S. M.; Jun, Y. W.; Cho, S. N.; Cheon, J. J. Am. Chem. Soc. 2002, 124, 
11244.  
[27] Aldana, J.; Lavelle, N.; Wang, Y.; Peng, X. J. Am. Chem. Soc. 2005, 127, 
2496.  
[28] Jun, Y. W.; Jung, Y. Y.; Cheon, J. J. Am. Chem. Soc. 2002, 124, 615.  
[29] Chen, L.; Chen, Y. B.; Wu, L. M. J. Am. Chem. Soc. 2004, 126, 16334.  
[30] Zhao, F.; Sun, H. L.; Su, G.; Gao, S. Small 2006, 2, 244.  
[31] Liu, Z.; Xu, D.; Liang, J.; Shen, J.; Zhang, S.; Qian, Y. J. Phys. Chem. B 
2005, 109, 10699. 
[32] Lu, Q.; Gao, F.; Zhao, D. Nano Lett. 2002, 2, 725. 




Funct. Mater. 2009, 19, 1645. 
[34] Ghezelbash, A.; Sigman, M. B.; Korgel, B. A. Nano Lett. 2004, 4, 537. 
[35] Zhang, Y.; Xu, H.; Wang, Q. Chem. Commun. 2010, 46, 8941.  
[36] Barrelet, C. J.; Wu, Y.; Bell, D. C.; Lieber, C. M. J. Am. Chem. Soc. 2003, 
125, 11498.  
[37] Pradhan, N.; Katz, B.; Efrima, S. J. Phys. Chem. B 2003, 107, 13843.  
[38] Beal, J. H. L.; Etchegoin, P. G.; Tilley, R. D. J. Phys. Chem. C. 2010, 114, 
3817.  
[39] Nair, P. S.; Radhakrishnan, T.; Revaprasadu, N.; Kolawole, G. A.; O’Brien, 
P. Chem. Commun. 2002, 46, 564.  
[40] Pradhan, N.; Efrima, S. J. Am. Chem. Soc. 2003, 125, 2050.  
[41] Du, Y.; Xu, B.; Fu, T.; Cai, M.; Li, F.; Zhang, Y.; Wang, Q. B. J. Am. 
Chem. Soc. 2010, 132, 1470.  
[42] Zhang, Z.; Lee, S. H.; Vittal, J. J.; Chin, W. S. J. Phys. Chem. B. 2006, 
110, 6649.  
[43] Stavila, V.; Whitmire, K. H.; Rusakova, I. Chem. Mater. 2009, 21, 5456.  
[44] Cademartiri, L. Ozin, G. A. Adv. Mater. 2009, 21, 1013. 
[45] Deng, Z.; Yan, H.; Liu,Y. Angew. Chem. Int. Ed. 2010, 49, 8695. 
[46] Fang, X.; Bando, Y.; Gautam, U. K.; Zhai, T.; Zeng, H.; Xu, X.; Liao, M.; 
Golberg, D. Crit. Rev. Solid State Mater. Sci. 2009, 34, 190. 
[47] Liu, C. Sun, H. Yang, S. Chem. Eur. J. 2010, 16, 4381.  




[49] Liu, Z.; Xu, D.; Liang, J.; Shen, J.; Zhang, S.; Qian, Y. J. Phys. Chem. B 
2005, 109, 10699.  
[50] Huo, Z.; Tsung, C.; Huang, W.; Fardy, M.; Yan, R.; Zhang, X.; Li, Y.; 
Yang, P. Nano Lett. 2009, 9, 1260. 
[51] Cai, Y.; Chan, S. K.; Sou, I. K.; Chan, Y. F.; Su, D. S.; Wang, N. Small 
2007, 3, 111.  
[52] Cademartiri, L.; Malakooti, R.; O’Brien, P. G.; Migliori, A.; Petrov, S.; 
Kherani, N. P.; Ozin, G. A. Angew. Chem. Int. Ed. 2008, 47, 3814. 
[53] Zhang, Y.; Xu, H.; Wang, Q. Chem. Commun. 2010, 46, 8941.  
[54] Pradhan, N.; Efrima, S. J. Phys. Chem. B 2004, 108, 11964.  
[55] Huang, F.; Zhang, H.; Banfield, J. F. Nano Lett. 2003, 3, 373.  
[56] Huang, F.; Zhang, H.; Banfield, J. F. J. Phys. Chem. B 2003, 107, 10470.  
[57] Yu, J. H.; Joo, J.; Park, H. M.; Baik, S.; Kim, Y. W.; Kim, S. C.; Hyeon, T. 
J. Am. Chem. Soc. 2005, 127, 5662.  
[58] Penn, R. L.; Banfield, J. F. Science 1998, 281, 969.  
[59] Penn, R. L.; Banfield, J. F. Am. Mineral. 1998, 83, 1077.  
[60] Alivisatos, A. P. Science 2000, 289, 736. 
[61] Zhang, J.; Huang, F.; Lin, Z. Nanoscale 2010, 2, 18.  
[62] Dalmaschio, C. J.; Ribeiro, C.; Leite, E. R. Nanoscale 2010, 2, 2336.  
[63] Zhang, Q.; Liu, S.; Yu, S. J. Mater. Chem. 2009, 19, 191.  
[64] Niederberger, M.; Cölfen, H. Phys. Chem. Chem. Phys. 2006, 8, 3271.  




109, 20842.  
[66] Adachi, M.; Murata, Y.; Takao, J.; Jiu, J.; Sakamoto, M.; Wang, F. J. Am. 
Chem. Soc. 2004, 126, 14943.  
[67] Zitoun, D.; Pinna, N.; Frolet, N.; Belin, C. J. Am. Chem. Soc. 2005, 127, 
15034.  
[68] Narayanaswamy, A.; Xu, H.; Pradhan, N.; Kim, M.; Peng, X. J. Am. 
Chem. Soc. 2006, 128, 10310.  
[69] Lu, X.; Yavuz, M. S.; Tuan, H.; Korgel, B. A.; Xia, Y. J. Am. Chem. Soc. 
2008, 130, 8900.  
[70] Hong, X.; Wang, D.; Yu, R.; Yan, H.; Sun, Y.; He, L.; Niu, Z.; Peng, Q.; 
Li, Y. Chem. Commun. 2011, 47, 5160.  
[71] Yang, H. G.; Zeng, H. C. Angew. Chem. 2004, 116, 6056.  
[72] Zhou, H.; Zhang, Y.; Mai, H.; Sun, X.; Liu, Q.; Song, W.; Yan, C. Chem. 
Eur. J. 2008, 14, 3380.  
[73] Xi, L.; Lam, Y. M. Chem. Mater. 2009, 21, 3710.  
[74] Shen, S.; Zhuang, J.; Xu, X.; Nisar, A.; Hu, S.; Wang, X. Inorg. Chem. 
2009, 48, 5117.  
[75] Xu, X.; Zhuang, J.; Wang, X. J. Am. Chem. Soc. 2008, 130, 12527.  
[76] Zhang, Y.; Guo, J.; White, T.; Tan, T. T. Y.; Xu, R. J. Phys. Chem. C 2007, 
111, 7893.  





[78] Pacholski, C.; Kornowski, A.; Weller, H. Angew. Chem. Int. Ed. 2002, 41, 
1188. 
[79] Panda, A. B.; Acharya, S.; Efrima, S. Adv. Mater. 2005, 17, 2471. 
[80] Li, Z.; Sui, J.; Li, X.; Cai, W. Langmuir 2011, 27, 2258. 
[81] Tang, Z.; Kotov, N. A.; Giersig, M. Science 2002, 297, 237. 
[82] Pradhan, N.; Xu, H.; Peng, X. Nano Lett. 2006, 6, 720. 
[83] Yong, K.; Sahoo, Y.; Zeng, H.; Swihart, M. T.; Minter, J. R.; Prasad, P. N. 
Chem. Mater. 2007, 19, 4108. 
[84] Koh, W.; Bartnik, A. C.; Wise, F. W.; Murray, C. B. J. Am. Chem. Soc. 
2010, 132, 3909. 
[85] Cho, K.; Talapin, D. V.; Gaschler, W.; Murray, C. B. J. Am. Chem. Soc. 
2005, 127, 7140. 
[86] Schliehe, C.; Juarez, B. H.; Pelletier, M.; Jander, S.; Greshnykh, D.; 
Nagel, M.; Meyer, A.; Foerster, S.; Kornowski, A.; Klinke, C.; Weller, H. 
Science 2010, 329, 550.  
[87] Wang, Z.; Schliehe, C.; Wang, T.; Nagaoka, Y.; Cao, Y. C. J. Am. Chem. 
Soc. 2011, 133, 14484. 
[88] Uehara, M.; Sasaki, S.; Nakamura, Y.; Lee, C. G.; Watanabe, K.; 
Nakamura, H.; Maeda, H. CrystEngComm 2011, 13, 2973.  
[89] Joo, J.; Son, J. S.; Kwon, S. G.; Yu, J. H.; Hyeon, T. J. Am. Chem. Soc. 
2006, 128, 5632. 




[91] Timonen, J. V. I.; Seppälä, E. T.; Ikkala, O.; Ras, R. H. A. Angew. Chem. 
Int. Ed. 2011, 50, 2080.  
[92] Kwon, S. G.; Piao, Y.; Park, J.; Angappane, S.; Jo, Y.; Hwang, N.; Park, J.; 
Hyeon, T. J. Am. Chem. Soc. 2007, 129, 12571. 
[93] Jung, Y. K.; Kim, J.; Lee, J. J. Am. Chem. Soc. 2010, 132, 178.  
[94] Van Poppel, L. H.; Groy, T. L.; Caudle, M. T. Inorg. Chem. 2004, 43, 
3180.  
[95] Thomson, J. W.; Nagashima, K.; Macdonald, P. M.; Ozin, G. A. J. Am. 
Chem. Soc. 2011, 133, 5036. 
[96] Liu, K.; Nie, Z.; Zhao, N.; Li, W.; Rubinstein, M.; Kumacheva, E. 
Science 2010, 329, 197. 










  A central goal in biology and medicine is to develop new imaging probes 
and technologies that enable monitoring of physiological processes in living 
cells, tissues, and organisms with high spatial resolution. Over the past decade, 
the development of nanoparticle research has resulted in a great deal of 
information about imaging probes available with considerable potential for 
biological researchers.[1-34] Examples include metal nanoparticles with 
ultrahigh extinction coefficients for labeling in colorimetric assays and 
quantum dots exhibiting stable, widely tunable fluorescence. These 
nanostructured biological probes, which are readily amenable to surface 
bioconjugation, can provide substantially enhanced signal with nanometer 
resolution. Lanthanide-doped upconversion nanoparticles represent another 
important, growing class of imaging probes being developed as an alternative 
to conventional luminescent labels.[35-49] By comparison, these upconversion 
nanoparticles offer sharp emission peaks, large anti-Stokes shifts, long-lived 
excited electronic states, and high photostability.[50-68]  
  In recent years, considerable efforts have been devoted to tuning 




multicolor labeling and multiplexed bio-detection.[69-74] The strategies for 
tuning the color output of upconversion nanoparticles typically involve 
manipulating dopant/host combinations and dopant concentrations.[75-83] For 
example, NaYF4 nanoparticles doped with different lanthanide activators 
(Er3+, Ho3+, and Tm3+) show tunable spectra covering the visible and near 
infrared region. Spectral lines are the result of electronic transitions within 
enormously complex energy levels of the lanthanide ions.[84-86] Notably, 
NaYF4 and KMnF3 nanoparticles singly doped with Er3+ display dramatically 
different emission profiles due to distinct energy transfer pathways caused by 
different dopant-host interactions.[87-89] It is worth noting that the tunable 
optical emission demonstrated in these nanoparticles is readily reproducible in 
their corresponding bulk counterparts.  
  Alternatively, upconversion multicolor fine-tuning can be achieved by 
utilizing core-shell nanostructures. For example, we previously showed that 
through use of Gd-mediated energy migration and core-shell engineering, 
efficient upconversion emission is possible for lanthanide activators (Tb3+, 
Eu3+, Dy3+ and Sm3+) without long-lived intermediary energy states.[90] The 
core-shell structure separates the Yb/Tm pair from the activators and 
eliminates deleterious cross-relaxation. The excitation energy migrates over 
the Gd sublattice for a substantial distance to the activators, which are 




  Despite being the conduit to a wide range of activators, our previous 
core-shell design suffers from limited conversion of the migrating energy 
stored in Gd sublattices to radiative activator emission.[90] This can be 
attributed to dominant surface quenching effects.[91] In general, the energy 
transfer from Gd3+ to the activator competes with the energy trapping by 
surface defects, unknown impurities, passivating ligands, and solvent 
molecules (Scheme 1). Depending on the nature and concentration of the 
activators employed, nonradiative dissipation of absorbed excitation energy by 
surface quenchers can occur. To suppress the energy migration to the surface 
quenching sites, a feasible solution is to increase the doping concentration of 
the activators. However, an elevated doping level inevitably results in 
localized concentration quenching of activator emissions by virtue of 
enhanced cross-relaxation between the activator ions. 
  In this work, we describe the synthesis and characterization of a series of 
Gd-based core-shell nanoparticles coated with an optically inert layer of 
NaYF4. We correlate optical measurements from diverse experiments within 
activator types (Dy3+, Sm3+, Tb3+ and Eu3+), related experiments involving 
different dopant concentrations, and all data obtained with a varied thickness 
of Y3+ layer. Together, these efforts reveal the mechanism that dictates the 
energy migration from the lanthanide sensitizers to the activators. By 
developing the core-shell process, we found that surface quenching of the 








Scheme 3.1. Schematic illustration of the energy transfer mechanism in the 















for maximized energy trapping by the activators and thus permits enhanced 
upconversion emissions even for activators at very low concentrations. 
 
3.2 Synthesis and Characterization 
 
  General. Gadolinium(III) acetate hydrate (99.9%), yttrium(III) acetate 
hydrate (99.9%), ytterbium(III) acetate hydrate (99.9%), thulium acetate 
hydrate (99.9%), dysprosium(III) acetate hydrate (99.9%), samarium(III) 
acetate hydrate (99.9%), terbium(III) acetate hydrate (99.9%), europium 
acetate hydrate (99.9%), sodium hydroxide (NaOH, >98%), ammonium 
fluoride (NH4F, >98%), 1-octadecene (90%), oleic acid (90%), dimethyl 
sulfoxide (DMSO), phosphate buffered saline (PBS) were all purchased from 
Sigma-Aldrich and used as received unless otherwise noted.  
  Physical Measurements. Low-resolution transmission electron microscopy 
(TEM) measurements were carried out on a JEOL-JEM 2010F field emission 
transmission electron microscope operated at an acceleration voltage of 200 
kV. The energy-dispersive X-ray (EDX) spectroscopic analysis was performed 
with an Oxford INCA energy system operated at 200 kV. High-resolution 
TEM images were recorded using a JEOL-JEM 3010 transmission electron 
microscope operated at an acceleration voltage of 300 kV. Powder X-ray 
diffraction (XRD) data were recorded on a Bruker D8 Advance diffractometer 




Luminescence spectra were recorded at room temperature with a DM150i 
monochromator equipped with a R928 photon counting photomultiplier tube 
(PMT), in conjunction with a 980-nm diode laser. Unless otherwise specified, 
the emission spectra were normalized to maximum Tm3+ emission at 450 nm. 
All spectra were collected under identical experimental conditions. The decay 
curves were measured with a customized ultraviolet to mid-infrared 
steady-state and phosphorescence lifetime spectrometer (FSP920-C, 
Edinburgh) equipped with a digital oscilloscope (TDS3052B, Tektronix) and a 
tunable mid-band OPO laser as the excitation source (410-2400 nm, Vibrant 
355II, OPOTEK). The effective decay time τeff is calculated by 
 
where I(t) denotes the luminescence intensity as a function of time t and I0 
represents the maximum intensity. Upconversion luminescence microscopy 
was performed on an Olympus BX51 microscope with the xenon lamp 
adapted to a 980 nm diode laser. Luminescence micrographs were recorded 
with a Nikon DS-Ri1 imaging system. Digital photographs were taken by a 
Nikon D700 camera.  
  Synthesis of NaGdF4:Yb/Tm core nanoparticles. Yb/Tm  co-doped 
NaGdF4 nanoparticles were prepared according to a literature procedure.[90] 
Gd(CH3CO2)3 (0.067 g; 0.2 mmol), Yb(CH3CO2)3 (0.069 g; 0.196 mmol) and 




mL) were combined at room temperature in a 50 mL two-neck round-bottom 
flask charged with oleic acid (4 mL). The resulting mixture was then heated at 
150 oC for 30 min to remove the water solvent, followed by the injection of 
1-octadecene (6 mL). The mixture was stirred at 150 oC for another 30 min 
before cooling down to 50 oC. Subsequently, a methanol solution (5.4 mL) of 
NH4F (0.05 g; 1.36 mmol) and NaOH (0.04 g; 1 mmol) was added and stirred 
for 30 min. The reaction mixture was then heated at 100 oC for 30 min in 
vacuo to remove the methanol. After purging with argon, the solution was 
heated to 290 oC and kept for 1.5 h before cooling down to room temperature. 
The as-prepared nanoparticles were precipitated by addition of ethanol, 
collected by centrifugation at 6000 rpm for 5 min, washed with ethanol for 
several times. The core nanoparticles are stored in cyclohexane (3 mL) prior to 
being used for shell coating. 
  Synthesis of NaGdF4:Yb/Tm@NaGdF4:A (A = Dy, Sm, Tb, Eu) 
core-shell nanoparticles. The preparation of core-shell nanoparticles was 
developed via a modified literature procedure.[90] The pre-synthesized 
NaGdF4:Yb/Tm core nanoparticles were used as seeds for shell modification. 
In a typical experiment, the shell stock solution was first prepared by mixing 
water solutions (2 mL each) of Gd(CH3CO2)3 (0.132 g; 0.396 mmol) and 
A(CH3CO2)3 (0.001 g; 0.004 mmol; A = Dy, Sm, Tb, Eu) in a 50 mL flask 
containing 4 mL of oleic acid. The resulting mixture was heated at 150 oC for 




min before cooling down to 50 oC. A cyclohexane dispersion (3 mL) of 
NaGdF4:Yb/Tm nanoparticle seeds were then added along with NH4F (0.05 g; 
1.36 mmol) and NaOH (0.04 g; 1 mmol). The reaction was stirred at 50 oC for 
30 min and then heated to 290 oC under an argon atmosphere. The high 
temperature heating continued for 1.5 h before cooling down to room 
temperature. The resulting core-shell nanoparticles were collected by addition 
of ethanol and washed with ethanol for several times before being dispersed in 
cyclohexane.  
  Synthesis of NaGdF4:Yb/Tm@NaGdF4:A@NaYF4 and 
NaGdF4:Yb/Tm@NaGdF4:A@NaGdF4 multilayered nanoparticles. 
Multilayered core-shell nanoparticles were synthesized using a procedure 
similar to the one for core-shell nanoparticles. The NaGdF4@NaGdF4 
core-shell nanoparticles were used as seeds and conformally coated with a thin 
layer of NaGdF4 or NaYF4. The NaYF4 shell precursor was prepared by 
mixing Y(CH3CO2)3 (0.052 g, 0.2 mmol), 3 mL of oleic acid, and 7 mL of 
1-octadecene in a 50 mL flask followed by heating at 150 oC for 60 min before 
cooling down to 50 oC. Note that the final-step heat treatment was undertaken 
at 280 oC.  
  Synthesis of NaGdF4:Yb/Tm@NaYF4 core-shell nanoparticles. The 
synthetic procedure for NaGdF4:Yb/Tm@NaYF4 nanoparticles was identical 
to that for NaGdF4:Yb/Tm@NaGdF4 nanoparticles except for the use of a 




  Synthesis of NaGdF4:Yb/Tm@NaYF4@NaYF4:Tb nanoparticles with 
multilayered NaYF4 shells. The preparation of core-shell nanoparticles with 
multilayered NaYF4 shells follows the typical process for making 
NaGdF4:Yb/Tm@NaYF4 nanoparticles. For a layer-by-layer coating process 
to proceed, the NaGdF4:Yb/Tm core nanoparticles were treated with different 
amounts of NaYF4 precursor (5 mL added for each layer). The outermost layer 
of NaYF4:Tb was first prepared using a stock solution containing Y(CH3CO2)3 
(0.045 g; 0.17 mmol), Tb(CH3CO2)3 (0.01 g; 0.03 mmol), oleic acid (3 mL), 
and 1-octadecene (7 mL). The reaction was heated in a 50 mL flask at 150 oC 
for 60 min before cooling down to 50 oC. Subsequently, NaGdF4:Yb/Tm  
nanoparticles coated with different layers of undoped NaYF4 were added to 
the flask, together with a methanol solution (3 mL) of NH4F (0.03 g; 0.8 
mmol) and NaOH (0.02 g; 0.5 mmol). Note that the heat treatment for each 
successive coating of NaYF4 layers was all carried out at 280 oC. 
  Synthesis of ligand-free nanoparticles. Ligand-free nanoparticles were 
obtained according to a modified literature procedure.[92] The oleic 
acid-capped nanoparticles were dispersed in a hydrochloric acid solution (1 
mL; 2 M) and ultrasonicated for 5 min to remove the surface ligands. The 
resulting products were collected by centrifugation at 16500 rpm for 20 min, 
washed with ethanol for several times, and re-dispersed in deionized water.  
  Cell imaging. HepG2 cells were first seeded in culture dishes (35 mm) and 




(DMEM). Subsequently, the culture medium in was replaced by a fresh 
DMEM medium (1 mL) containing ligand-free nanoparticles (100 g). The 　
HepG2 cells were then incubated with the nanoparticles for 2 h (5% CO2, 37 
oC). After washing with a PBS buffer solution, the nanoparticle-treated cells 
were imaged under the irradiation of a 980 nm laser. 
 
3.3 Results and Discussion 
 
We began with a cyclohexane solution of pre-synthesized NaGdF4:Yb/Tm 
(49/1%) core nanoparticles and successively deposited two shells of 
NaGdF4:A (A = Dy, Sm, Tb, and Eu, respectively; 1% each) and NaYF4 
through an epitaxial growth process (Figure 3.1). Notably, the layer-by-layer 
growth process has also been extensively investigated by the groups of Yan, 
Zhang, Wang and van Veggel.[93-97] The as-synthesized multi-shell 
nanoparticles were confirmed to be single crystals with a hexagonal phase by 
high-resolution TEM and XRD studies (Figure 3.2). The marked enhancement 
in upconverted emission intensity of activators after surface processing of 
nanoparticles suggests the shell formation of NaYF4. It should be noted that 
during the course of shell coating, phase separation often occurs as a result of 
kinetically favored nucleation of shell precursors in cubic form, thereby 
leading to the formation of poly-dispersed particles. Our controls showed that 








Figure 3.1. Schematic presentation showing the synthetic process for 

















Figure 3.2. (a) HRTEM image of the NaYF4-coated 
NaGdF4:Yb/Tm@NaGdF4:Tb nanoparticles (Yb: 49%, Tm: 1%, Tb: 1%). (b) 
XRD pattern of the as-synthesized nanoparticles. (c) The energy-dispersive 
X-ray spectrum of the nanoparticles, revealing the presence of Y3+ after 














Figure 3.3. Control experiments investigating NaYF4 shell growth as a 













heating temperature of 280 oC proved to be effective for obtaining uniform 
NaYF4-coated nanoparticles (Figure 3.3). 
  We next compared the optical property of the NaYF4-coated nanoparticles 
with that of previously reported nanoparticles without coating of NaYF4. It 
should be mentioned that relatively high activator concentrations (5% Dy, 5% 
Sm, 15% Tb, 15% Eu) are employed in the previous work to give rise to 
strong upconverted emissions.10 However, an elevated doping concentration 
typically causes quenching of activator emission because of the enhanced 
cross-relaxation between activator ions. Consequently, the activator emissions 
from higher energy levels can be easily quenched in favor of the emissions 
resulting from lower energy levels. To suppress the concentration quenching 
effect and thus enable emissions at high energy levels, the concentration of the 
activator must be restricted to below a certain threshold. Nevertheless, a low 
concentration of activator ions (e.g., 1% Tb) resulted in weak emission 
intensity, particularly that in the UV region (Figure 3.4, left panel). In contrast, 
under an identical activator doping condition, we observed remarkably 
enhanced emission of Tb3+, especially the UV emission from the 5D3 energy 
level, for NaYF4-coated nanoparticles, (Figure 3.4, right panel). Usually, the 
Tb emission in the UV range is quenched at high Tb concentrations in favor of 
the green emission from the 5D4 energy level. Therefore, 5D3 →7FJ (J = 4, 5, 6) 
optical transitions could hardly be spectroscopically detected. The emission 







Figure 3.4. Room-temperature emission spectra of the as-prepared 
NaGdF4@NaGdF4:A (A = Dy, Sm, Tb, and Eu, respectively; 1% each) and 
their corresponding NaYF4-modified (2.5 nm thick) nanoparticles. Note that 
activator emissions are highlighted with color. All spectra were recorded 









core-shell nanoparticles doped with 1 mol% of Eu3+ was also observed. 
Similarly, with the NaYF4 shell coating, we observed significant emission 
enhancement for Gd-based nanoparticles doped with a low concentration (1%) 
of Dy3+ and Sm3+, respectively (Figure 3.4, right panel) 
  To identify the dominant effect responsible for the enhanced activator 
emission in NaGdF4:Yb/Tm@NaGdF4:A nanoparticles, we have compared the 
excited state lifetimes of Gd3+ and Tb3+ obtained before and after NaYF4 
coating. As shown in Figure 3.5a, a significant increase (1.82 times) in Gd3+ 
lifetime (6P7/2) was observed when a NaYF4 shell layer was applied. In stark 
contrast, the activator lifetime (Tb3+: 5D4) is essentially unaltered by the 
NaYF4 coating (Figure 3.5b). The enhanced activator emission is clearly 
ascribed to the suppressed trapping of Gd3+ energy by surface ligands or 
solvent molecules. 
  To verify the effect of the activator emission enhancement by NaYF4 layer 
protection, we further investigated a series of 
NaGdF4:Yb/Tm@NaGdF4:A@NaGdF4 core-shell-shell nanoparticles. The use 
of NaGdF4 as the outermost shell provides selective protection to the 
activators, while the Gd excitation energy can migrate through the Gd shell 
and dissipate through the trapping by the surface defects or solvent molecules. 
Photoluminescence study depicted in Figure 3.5c showed that the Tb3+ 
emission in the core-shell-shell nanoparticles was essentially not improved 








Figure 3.5. (a, b) Upconversion luminescence decay curves of Gd3+ and Tb3+ 
emissions at 310 and 544 nm, respectively, for the Gd-based nanoparticles 
(Tb3+: 1%) with and without the NaYF4 coating. (c) Emission spectra of the 
Gd-based nanoparticles (Tb3+: 1%) obtained with and without the NaGdF4 
coating. (d) Emission spectra of the NaGdF4-coated nanoparticles with the 














Figure 3.6. (a) The emission spectra and corresponding TEM images of the 
as-prepared NaGdF4:Yb/Tm@NaGdF4:A and NaGdF4:Yb/Tm@NaGdF4:A 
@NaGdF4 nanoparticles doped with different activators (activator emissions 
















Figure 3.7. The emission spectra, TEM images and the energy-dispersive 
X-ray spectra of the NaGdF4:Yb/Tm@NaGdF4:Dy@NaYF4 nanoparticles 













were gradually replaced by optically inert Y3+, a steady enhancement of the 
activator emission was observed (Figure 3.5d and Figure 3.7). Taken together, 
the results conclusively suggest that the suppression of surface quenching to 
the Gd3+ ions is primarily responsible for the enhanced activator emissions. 
  In an attempt to probe the role of NaYF4 layer in protecting Gd3+ excitation 
energy, we conducted a set of control experiments to compare the emission 
intensity and decay curves of Gd3+ emission at 310 nm (6P7/2→8S7/2) for 
NaGdF4:Yb/Tm nanoparticles coated with NaGdF4 and NaYF4. The 
corresponding emission spectra were shown in Figure 3.8. It should be 
mentioned that Gd3+ should be more resistant to non-radiative quenching than 
other lanthanide activator ions, such as Tb3+, Eu3+, Dy3+, and Sm3+, owing to 
its substantially larger energy gap (32,200 cm-1 from the lowest excited state 
to the ground state).[99] The strong luminescence quenching of Gd3+ in the case 
of NaGdF4 coating is attributable to rapid energy migration from the 
gadolinium sublattice to surface quenchers.[100] By comparison, the Gd3+ 
emission in NaYF4-coated nanoparticles was significantly enhanced, clearly 
indicating that the NaYF4 shell layer could effectively prevent the excitation 
energy from trapping by the surface quenchers. These results are also 
consistent with our lifetime decay analysis in that a significantly shorter 
lifetime (469 s) of Gd3+ emission was recorded for NaGdF4-coated 









Figure 3.8. (a) Emission spectra of NaGdF4:Yb/Tm nanoparticles coated with 
NaGdF4 and NaYF4, respectively. Note that Tm3+ (1I6 → 3S6) and Gd3+ (6P7/2 
→ 8S7/2) emissions are highlighted with color and the emission spectra were 
normalized at 360 nm. (b) Corresponding upconversion luminescence decay 
















Figure 3.9. The energy-dispersive X-ray spectra of the 









  The influence of shell thickness of NaYF4 on the activator optical emission 
was subsequently investigated. We observed that the coating of an additional 
layer (2.5 nm) of NaYF4 onto the as-prepared core-shell-shell nanoparticles 
dose not lead to further enhancement in activator emission (Figure 3.10). This 
was expected as the interaction between dopant ions and surface oscillators 
typically occurs within a distance of 3 nm.[101] With a 2.5-nm thick shell of 
NaYF4, the interaction between the lanthanides and surface ligands or solvent 
molecules in the surrounding environment is essentially shielded (Figure 3.10). 
These results also suggest the integrity of the NaYF4 shell initially coated 
around the NaGdF4:Yb/Tm@NaGdF:A.[98] 
  We next explored the underlying mechanism that accounts for intense 
upconversion emission from higher-lying 5DJ excited states of Tb3+ and Eu3+ 
ions (Figure 3.11). An important prerequisite for the emission from 
higher-lying energy levels (e.g., 5D3 of Tb3+; 5D1, 5D2 and 5D3 of Eu3+) is the 
need for NaGdF4 host materials with intrinsic low phonon energy (350 cm-1). 
If there are high-frequency vibrations in the host lattices, such as TbAl3B4O12 
(1300 cm-1) and YBO3 (1050 cm-1),[50,102] the activator emission from the 
higher-lying energy levels would be readily quenched through multi-phonon 
emission process. Another important factor in satisfying intense activator 
emission from higher-lying energy levels is the NaYF4 coating that provides 
efficient trapping of the migrating energy in Gd sublattice. A low doping 




pathways (e.g., 5D3 + 7F6 → 5D4 + 7F0 for Tb3+ and 5D2 + 7F0 → 5D0 + 7F5 for 
Eu3+) that depopulate the higher-lying energy states of the activators. 
Furthermore, the NaYF4 shell also enhances activator emission by protecting 
the activator ions from surface quenching. The higher-lying excited states of 
Tb3+ (5D3) and Eu3+ (5D2) are highly susceptible to high-energy surface 
oscillators because of the small energy gap (5800 and 1800 cm-1, 
respectively) to the next lower-lying energy levels (Figure 3.12). 
  We found that the enhancement factor varies with changes in activator 
concentration (Figure 3.13a and Figure 3.14). At high activator concentrations, 
the energy transfer from Gd3+ to activator ions dominates energy trapping 
processes. Thus, the excitation energy of Gd3+ will be trapped by the activators 
before it reaches surface quenching sites. Only marginal enhancement in 
activator emission is therefore expected through surface protection of 
nanoparticles. When the activator concentration is substantially decreased, the 
number of lanthanide trapping centers in nanoparticles becomes insufficient to 
capture the excessive migrating energy preserved by the NaYF4 shell. 
Importantly, the NaYF4 shell protection enables stronger upconverted 
emission of Tb3+ doped at a low concentration (5%) as opposed to that of 
unprotected Tb3+ at a high concentration (15%) (Figure 3.13b).  
  For Sm3+ and Dy3+ activators, we noticed that the ability of these two 
activators to trap the Gd3+ energy is quite weak, arising from the presence of 




excited state may transfer part of its energy to a neighboring ground state Sm3+ 
ion through cross-relaxation, resulting in both ions occupying the 6F9/2 level 
and subsequent non-radiative relaxation to the ground state. This effect is 
particularly pronounced at a high Sm3+ concentration. Thus, the Sm3+ dopant 
content in nanoparticles has to be kept very low (typically less than 2.5 
mol %). However, weak upconverted emission of Sm3+ still occurs in most 
instances because of inefficient trapping of the migrating energy and surface 
quenching effect. In our core-shell–shell design, the surface quenching effect 
can be largely eliminated. Remarkably, we observed more than one order of 
magnitude enhancement in Sm3+ emission by coating 
NaGdF4:Yb/Tm@NaGdF4:Sm nanoparticles with a layer of NaYF4 (Figure 
3.13c). Through the core-shell-shell engineering in nanoparticles, we showed 
that a wide range of emission colors from ultraviolet to visible can be readily 
achieved with different types of activators, providing potential implications for 















Figure 3.10. The emission spectra of the NaYF4-coated 
NaGdF4:Yb/Tm@NaGdF4:Dy nanoparticles with different NaYF4 shell 

































Figure 3.11. Proposed energy transfer mechanisms in the core-shell-shell 
nanoparticles. Note that only partial energy levels of Tm3+, Gd3+, and A3+ (A = 
Dy, Sm, Tb and Eu) are shown for clarity. The optical emissions from 




















Figure 3.12. (a) Upconversion luminescence decay curves of Tb3+ 414 nm 
(5D3 → 7F5) and 544 nm (5D4 → 7F5) emissions in 
NaGdF4:Yb/Tm@NaGdF4:Tb@NaYF4 nanoparticles. (b) Upconversion 
luminescence decay curves of Eu3+ 510 nm (5D0 → 7F2) and 616 nm (5D2 → 
7F3) in NaGdF4:Yb/Tm@NaGdF4:Eu@NaYF4 nanoparticles. These results 
suggest that the higher-lying excited states of Tb3+ (5D3) and Eu3+ (5D2) are 
highly susceptible to surface quenching because of the small energy gap 














Figure 3.13. The effect of activator concentration on optical properties of the 
NaGdF4:Yb/Tm@NaGdF4:A and NaGdF4:Yb/Tm@NaGdF4:A@NaYF4 
nanoparticles. (a) Upconversion emission spectra of the Tb3+-doped 
core-shell-shell nanoparticles as a function of dopant concentration. (b) 
Comparative spectroscopic studies of the NaGdF4:Yb/Tm@NaGdF4:Tb (15%) 
with NaYF4-coated NaGdF4:Yb/Tm@NaGdF4:Tb (5%) nanoparticles. (c) 
Upconversion emission spectra of the as-prepared 
NaGdF4:Yb/Tm@NaGdF4:Sm and NaGdF4:Yb/Tm@NaGdF4:Sm@NaYF4 
nanoparticles obtained with different Sm3+ concentrations (Inset: the 
enhancement factor of the Sm3+ emission obtained by comparing the results 
for samples with and without the NaYF4 coating. The activator emission 
intensities were calculated by integrating the spectral intensity of the emission 
spectra over a wavelength range of 540-620 nm). (d) Luminescence 
photographs of representative samples in cyclohexane solution (2mg mL-1) 









Figure 3.14. (a) Upconversion emission spectra of the as-prepared 
NaGdF4:Yb/Tm@NaGdF4:Dy and NaGdF4:Yb/Tm@NaGdF4:Dy@NaYF4 
nanoparticles obtained with different Dy3+ concentrations (Inset: the 
enhancement factor of the Dy3+ emission obtained by comparing the results 
for samples with and without the NaYF4 coating. The activator emission 
intensities were calculated by integrating the spectral intensity of the emission 
spectra over a wavelength range of 530-615 nm). (b) Upconversion emission 
spectra of the as-prepared NaGdF4:Yb/Tm@NaGdF4:Eu and 
NaGdF4:Yb/Tm@NaGdF4:Eu@NaYF4 nanoparticles obtained with different 








  By analyzing available optical data on concentration dependence, we can 
derive the critical distance (Rc) between activators for maximum emission 
intensity according to Blasse’s equation:[103]       
 
where xc is the critical activator concentration, N is the number of lattice sites 
in the unit cell that can be occupied by activator ions, and V is the volume of 
the unit cell. For hexagonal NaGdF4 (JCPDS 27-0699) with a space group of 
P63/m (Z = 1.5), the cell parameters are a = 6.02 Å, c = 3.60 Å, the volume of 
the unit cell is 113.02 Å3. The critical concentration is estimated to be 15% for 
Tb3+ and Eu3+, and 1% for Dy3+ and Sm3+. Using the above equation, Rc was 
determined to be about 0.99 nm for Tb3+ and Eu3+, and 2.43 nm for Dy3+ and 
Sm3+. 
  We also note a significant benefit of using activators doped at low 
concentrations. In our previous report,[90] a relatively high activator 
concentration (> 2.5%) is typically required to facilitate trapping of the 
migrating energy in Gd sublattice. To avoid the deleterious cross-relaxation 
between the Yb/Tm and activator ions, a core-shell structure of 
NaGdF4:Yb/Tm@NaGdF4:A is necessary to spatially confine different dopant 
ions for controlled energy exchange interactions. In this work, the realization 
of efficient emission at a low concentration of activators through the NaYF4 
coating should allow us to simplify structural design of the nanoparticles. For 




homogeneously doped at 1% each along with the Yb/Tm pair in the NaGdF4 
host lattice can give rise to a similar emission profile to that of the 
NaYF4-coated NaGdF4:Yb/Tm@NaGdF4:A (A = Tb or Eu) nanoparticles 
(Figure 3.15a). By comparison, without the NaYF4 coating, we did not 
observe any noticeable activator emission under identical test conditions 
(Figure 3.15b). 
To further probe the distance for effective energy transfer from Gd3+ to 
Tb3+, we carried out a series of layer-by-layer coating experiments (Figure 
3.16). We precisely controlled the spacing (d = 0, 0.5, 1.1, 1.7 nm) between 
the Gd3+ embedded in the nanoparticle core and the Tb3+ encapsulated in the 
NaYF4 shell using optically inert NaYF4 as an interlayer (Figure 3.16a). The 
dependence of Tb3+ emission on the thickness of the interlayer was shown in 
Figure 3.16b. Without the NaYF4 interlayer, we could observe intense Tb3+ 
emission, arising from strong exchange interactions between the Gd3+ and 
Tb3+. After coating of a NaYF4 layer of 1.1 nm thick (Figure 3.16d), the 
emission intensity of Tb3+ was significantly reduced. With further increase in 
the interlayer thickness, the emission of Tb3+ gradually decreases and 
eventually disappears when the interlayer spacing reaches about 1.7 nm. The 
suppressed Tb3+ emission in the multi-shelled nanoparticle largely results from 
negligible diffusion of dopant ions in the solid-state host lattice, which is 




The use of a NaYF4 shell layer for the nanoparticles is likely to significantly 
improve the signal strength and minimize the impact of solvents, which is 
essential for their biological applications. To shed light on the optical stability 
of NaYF4-coated nanoparticles, we transferred the as-prepared nanoparticles 
into DMSO/ethanol solutions containing different amounts of water. As shown 
in Figure 3.17, the relative emission intensities of the NaYF4-coated 
nanoparticles were virtually unchanged owing to the effective protection of 
activators by the inert shell. To further highlight the versatility of these 
NaYF4-coated nanoparticles in biological applications, we demonstrated 
multicolor cell imaging using different combinations of Tb3+ and Eu3+ 




The comparison of Gd-based upconversion nanoparticles and their 
NaYF4-coated counterparts has enabled better understanding of energy 
migration-mediated upconversion processes. Our results demonstrate how the 
interplay of lanthanide interactions and core-shell nanostructures can be used 
to control the optical properties of the upconversion nanoparticles. The NaYF4 
shell can impede the migrating energy in Gd sublattice from trapping by 
surface quenchers, thereby promoting energy trapping by the activators. 








Figure 3.15. Comparative emission spectra of (a) NaGdF4:Yb/Tm/A @NaYF4 













Figure 3.16. (a) Schematic design of controlling energy transfer from Gd3+ to 
Tb3+ through a layer-by-layer growth technique. (b) Emission spectra of the 
NaGdF4:Yb/Tm@NaYF4@NaYF4:Tb nanoparticles with different thickness of 
NaYF4 interlayer. (c-e) Corresponding TEM images of the as-prepared 
nanoparticles (Insets are histograms of the particle size distribution.) Note that 














Figure 3.17. The upconversion emission spectra of 
NaGdF4:Yb/Tm@NaGdF4:Tb@NaYF4 nanoparticles (Yb: 49%, Tm: 1%, Tb: 



















Figure 3.18. The bright-field (top panel; under halogen light), fluorescent 
(middle panel; under 980 nm laser), and merged images (bottom panel) 
obtained for HepG2 cells after 2 h incubation with (a) NaYF4-coated 
NaGdF4:Yb/Tm@NaGdF4:Tb (Tb: 5%), (b) 
NaGdF4:Yb/Tm@NaGdF4:Eu@NaYF4 (Eu: 5%), and (c) NaGdF4:Eu@ 











Sm3+, Tb3+ and Eu3+) leads to the conclusion that efficient emissions can be 
realized from activators doped homogeneously with Yb/Tm ions through the 
NaYF4 shell protection, provided the activator concentration is kept at a 
considerably low level. Demonstrating both the control and understanding of 
the energy migration in these nanoparticles should be a key step toward the 
rational design of lanthanide-based luminescent nanomaterials for advanced 
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Lanthanide-doped upconversion nanoparticles of various compositions have 
been widely investigated in the past several years because of their unique 
optical properties including narrow emission band width, large Stokes shift, 
long luminescence lifetime and high photostability compared to conventional 
luminescent materials such as organic fluorescent dyes and quantum dots.[1-8] 
These nanoparticles have shown their potential applications in diverse fields 
such as biological imaging and labeling, data storage, and solar  energy 
conversion.[9-17] Especially, the growing demand of lanthanide-doped 
nanoparticles using in various biological applications has in turn greatly 
stimulated basic research to develop novel nanoparticles with controlled size, 
shape, phase and desired properties.   
  NaYF4 is regarded as ideal host materials because of the low phonon energy 
and high photochemical stability.[18-23] In addition, optical inert NaYF4 host 
materials can avoid destructive ion-ion interaction, i.e., concentration 
quenching of the fluorescence. Therefore, lanthanide-doped NaYF4 
nanomaterials has attracted a great deal of attention over the past two 




uniform NaYF4 with well-controlled morphologies, phases, sizes, and 
compositions. Multicolor upconversion fluorescence can be obtained by 
doping different emitter ions like Er3+ and Tm3+. We presented that these 
upconversion nanoparticles can serve as ideal candidate for biological imaging.  
We also demonstrated proof-of-concept for the self-assembly of upconversion 
nanoparticles.   
 




  Yttrium (III) chloride hydrate (99.9%), gadolinium(III) acetate hydrate 
(99.9%), yttrium (III) acetate hydrate (99.9%), ytterbium (III) acetate hydrate 
(99.9%), thulium acetate hydrate (99.9%), erbium (III) acetate hydrate 
(99.9%), sodium hydroxide (NaOH, 98+%), ammonium fluoride (NH4F, 
98+%), 1-octadecene (90%), oleic acid (90%), sodium acetate (98%), acetic 
acid (96%), sodium nitrate (99%), lysozyme from chicken egg white (>90%), 
tetraethylorthosilicate (TEOS, >99%), and Pluronic F127 were all purchased 







  Low-resolution transmission electron microscopy (TEM) measurements 
were carried out on a JEOL-JEM 2010F field emission transmission electron 
microscopy operated at an acceleration voltage of 200 kV. Scanning electron 
microscopy (SEM) was performed on a FEI NOVA NanoSEM 230 scanning 
electron microscope operated at 5 kV. Powder X-ray diffraction (XRD) data 
were recorded on a Bruker D8 Advance diffractometer with a 
graphite-monochro-matized CuKα radiation (1.5406 Å). Luminescence 
spectra were recorded at room temperature with a DM150i monochromator 
equipped with a R928 photon counting photomultiplier tube (PMT), in 
conjunction with a 980-nm diode laser. Unless otherwise specified, the 
emission spectra were normalized to maximum Tm3+ emission at 450 nm. All 
the spectra were measured at room temperature and under identical conditions 
for each set of experiments. Upconversion luminescence microscopy imaging 
was performed on an Olympus BX51 microscope with the xenon lamp 
adapted to a diode laser. Luminescence micrographs were recorded with a 
Nikon DS-Ri1 imaging system. Digital photographs were taken with a Nikon 
D700 camera.  
 







  Synthesis of the nanoflower. In a typical procedure to the synthesis of 
NaYF4 nanoflower was developed via a modified literature procedure (Figure 
4.1a),[27] NaOH (2.92 mmol) dissolved in a water solution (1 ml) was mixed 
with 3.5 ml of ethanol and 3 ml of oleic acid under stirring. To the resulting 
mixture were added progressively 2 ml of YCl3 (0.4 mmol) and 1 ml of NH4F 
(1.6 mmol). Then the solution was transferred into a 20 ml of Teflon-lined 
autoclave and heated at 200 oC for 24 h. The obtained nanoflowers were 
collected by centrifugation at 5000 rpm for 3 min, washed with ethanol for 
several times, and then finally dispersed in cyclohexane. 
  Synthesis of the nanoplates. The preparation of NaYF4 nanoplates (Figure 
4.1b)was using a similar procedure to the one for nanoflowers, NaOH (3.75 
mmol) dissolved in a water solution (3.5 ml) was mixed with 4 ml of ethanol 
and 5 ml of oleic acid under stirring. To the resulting mixture were added 
progressively 2 ml of YCl3 (0.4 mmol) and 1 ml of NH4F (1.01 mmol). Then 
the solution was transferred into a 20 ml of Teflon-lined autoclave and heated 
at 200 oC for 24 h. The obtained products were collected by centrifugation at 
5000 rpm for 3 min, washed with ethanol for several times, and then dispersed 
in cyclohexane. 
  Synthesis of the nanorods. The preparation of NaYF4 nanoplates (Figure 
4.1c) was using a similar procedure to the one for nanoflowers, NaOH (7.5 
mmol) dissolved in a water solution (2 ml) was mixed with 5 ml of ethanol 




progressively 2 ml of YCl3 (0.4 mmol) and 1 ml of NH4F (2.02 mmol). Then 
the solution was transferred into a 20 ml of Teflon-lined autoclave and heated 
at 200 oC for 24 h. The obtained products were collected by centrifugation at 
5000 rpm for 3 min, washed with ethanol for several times, and then dispersed 
in cyclohexane. 
  Synthesis of NaYF4 nanoplates with tunable thickness. The preparation 
of tunable NaYF4 nanoplates (Figure 4.2a) was using a similar procedure to 
the one for nanoflowers, NaOH (3.00 mmol) dissolved in a water solution (1.5 
ml) was mixed with 3.5 ml of ethanol and 3 ml of oleic acid under stirring. To 
the resulting mixture were added progressively 2 ml of Y(CH3CO2)3 and 
replaced by varied amouts of YCl3 (0.4 mmol) and 1 ml of NH4F (1.6 mmol).  
  Size control synthesis of NaYF4 nanoplates and nanorods. In a typical 
procedure to the synthesis of size controllable NaYF4 nanocrystals, various 
amounts of Gd(CH3CO2)3 (0, 10, 20, 30, 40%) was replaced with Y(CH3CO2)3. 
Note that the synthetic procedure for shorter NaYF4 nanorods was identical to 
that for NaYF4 nanorods except for the use of Y(CH3CO2)3. 
 
4.3.2 Results and discussion 
 
  The well-controlled morphologies of NaYF4 were prepared by a facile 
hydrothermal approach by varying the reaction parameters, using oleic acid as 




















Figure 4.2 (a-e)TEM and corresponding SEM images of NaYF4 nanocrystals 
using YCl3 as precursor and replaced by varied amounts of Y(CH3CO2)3 (0, 25, 
50, 75, 100%). (f) Schematic illustration of the effect of anion on the 
















Figure 4.3 (a, b) TEM images of NaYF4 nanocrystals doped with varied 









Figure 4.4 (a, b) TEM images and XRD patterns of NaYF4 nanocrystals as a 














TEM images of the as-prepared NaYF4 samples with general morphologies 
(nanoflowers, nanoplates and long nanorods) and the corresponding SEM 
images were shown in right panel. As can be seen from TEM and SEM images, 
the as-prepared NaYF4 featured monodispersity, good uniformity, and 
well-defined crystallographic facets. By adjusting the composition of the 
reaction mixture, unique flower-patterned disks of NaYF4 can be obtained. 
Comparison with the nanoplates in Figure 4.1b, the nanoflowers have distinct 
grooves with central symmetry. 
  In addition, the effect of anion on the morphology of NaYF4 nanocrystals 
has been shown in Figure 4.2. When YCl3 was gradually replaced by varied 
amount of Y(CH3CO2)3 (0, 25, 50, 75, 100 mol%) as precursor, a steady 
decrease of the thickness of NaYF4 nanoplates was observed. In addition, the 
diameters of these nanocrystals are gradually increased. Consequently, another 
kind of nanoflowers was obtained.        
  We further studied the Gd3+ doping effect on the size of NaYF4 nanocrystals 
at different concentrations (0-40 mol%) using TEM measurement (Figure 4.3). 
Without deliberately added Gd3+ ions, the TEM images of the NaYF4 samples 
synthesized for 24 h shows two distinct particle morphologies that include 
short nanorods and nanoflowers (Fig. 2a). TEM images shows that the length 
of short nanorods is around 700 nm, and the diameter of nanoflowers is about 
1 m. With varied Gd3+ dopant concentration (10-40 mol%), nanocrystals with 




previous report.[28] We confirmed that the size of the as-prepared NaYF4 with a 
Gd content of 40 mol% was down to 100 nm by TEM, revealing the effective 
role of Gd3+ doping. 
  We next explored the phase evolution of NaYF4 nanocrystals by XRD 
measurement. The XRD patterns of the as-prepared NaYF4 show a mixture 
phase after 1 h heat treatment. Further heat treatment makes the cubic phase 
(JCPDS no. 77-2042) transform to pure hexagonal phase (JCPDS no. 16-0334). 
These results suggest that the formation of NaYF4 is related to a 
dissolution-reconstruction process, which is consistent with the previous 
report.[27] Moreover, as can be seen from the TEM image and XRD patterns, 
high crystallinity can be obtained for 4 h at hydrothermal treatment 
temperature (200 °C). 
 




  Synthesis of NaYF4:Yb/Er (18/2%) core nanoparticles. In a typical 
procedure to the synthesis of NaGdF4:Yb/Er nanoparticles, 2 mL DI water 
solution of Ln(CH3CO2)3 (0.2 M, Ln = Y, Yb, and Er), and 4 mL of oleic acid 
were added to a 50 mL two-neck flask and heated to 150 oC for 30 min to 




quickly added to the flask and the resulting mixture was maintained at 150 oC 
for another 30 min before cooling down to 50 oC. Shortly thereafter, 5 mL of 
methanol solution containing NH4F (1.36 mmol) and NaOH (1 mmol) was 
added and the resultant mixture was stirred for 30 min. After the methanol was 
evaporated, the solution was heated to 290 oC under argon for 1.5 h and then 
cooled down to room temperature. The resulting nanoparticles were 
precipitated by addition of excess ethanol, collected by centrifugation at 5000 
rpm for 5 min and washed with ethanol for several times before dispersing 
them in 2 mL of cyclohexane for optical and TEM measurements. 
  Synthesis of NaYF4-coated NaYF4:Yb/Er nanoparticles. The procedure 
is similar to the synthesis of core-shell nanoparticles. The as-synthesized 
NaYF4:Yb/Er core nanoparticles were used as seeds to epitaxial overgrowth of 
NaYF4 layer. For the preparation of shell precursors, 0.4 mmol of Y(CH3CO2)3 
was used.  
  Crystallization of lysozyme incubated with and without 
NaYF4:Yb/Er@NaYF4 core-shell nanoparticles. Lysozyme crystals were 
prepared according to a literature recipe by mixing 12 μl of protein solution 
(20 mg/ml lysozyme in 50 mM sodium acetate pH 4.5), 12 μl of reservoir 
solution containing 50 mM sodium acetate pH 4.5 and 4% sodium nitrate, and 
3 l NaYF4:Yb/Er@NaYF4 nanoparticles. Then equilibrate the drop against 





4.4.2 Results and discussion 
 
  In a typical experiment, uniform spherical-shaped NaYF4:Yb/Er@NaYF4 
nanoparticles were synthesized by an epitaxial growth process according to a 
modified literature procedure.[29] NaYF4 nanocrystals co-doped with Yb/Er 
were first fabricated (20 nm) and then used as seeds for epitaxial growth of 
NaYF4 shells comprising activators. Subsequently, a layer of NaYF4 (~2.5 nm) 
was coated leading to NaYF4:Yb/Er@NaYF4 core-shell nanoparticles (Figure 
4.5). The core-shell design plays an important role in minimizing surface 
quenching induced emission loss. The final size of these nanoparticles is about 
25 nm. The as-prepared core-shell nanoparticles were confirmed to be single 
crystals with a hexagonal phase by TEM and XRD studies (Figure 3.5a and b). 
A binary dopant Yb/Er (18/2 mol%) pair was chosen for upconversion 
bio-imaging. As shown in Figure 4.5c, under excitation of a 980-nm laser, the 
NaYF4:Yb/Er@NaYF4 nanoparticles exhibit characteristic sharp emission 
peaks, which can be attributed to 2H9/2 → 4I15/2, 2H11/2, 4S3/2 → 4I15/2, and 4F9/2 
→ 4I15/2 transitions of Er3+.[24] These transitions correspond to respective blue, 
green, and red emissions that result in an overall green color output.  
  As a proof-of-concept experiment, lysozyme was chosen as a model system 
as it has many known crystallization states that cover a broad range of buffer 
pH’s and precipitant types. Lysozyme crystals were prepared according to a 







Figure 4.5 (a) TEM images of the as-synthesized NaYF4:Yb/Er and 
NaYF4:Yb/Er@NaYF4 nanoparticles (Yb/Er: 20/2 mol%). (b) XRD patterns 
of the core-shell nanocrystals. (c) Room-temperature emission spectrum of the 
as-prepared core-shell nanoparticles. Note that the spectrum was recorded 
under excitation of a 980-nm CW diode laser at a power density of 10 W cm-2. 
(d) Optical images of lysozyme crystal without the core-shell nanoparticles 
treatment under halogen light and 980-nm laser. (e) The bright field (top panel; 
under halogen light), fluorescent (middle panel; under 980 nm laser), and 
merged images (bottom panel) of lysozyme crystal following 3 weeks 







solution (20 mg/mL lysozyme in 50 mM sodium acetate pH 4.5), 12 l of 
reservoir solution containing 50 mM sodium acetate pH 4.5 and 4% (w/v) 
sodium nitrate and equilibrating the drop against the reservoir with 3 l 
NaYF4:Yb/Er@NaYF4 nanoparticles (10 mg/mL cyclohexane solution). The 
resulting crystal were visualized and analyzed under visible and 980-nm laser.  
  We next compared the images of lysozyme crystal with and without the 
core-shell nanoparticles treatment under excitation of 980-nm laser. As shown 
in Figure 4.6d and e, the protein crystal show no measurable upconverted 
luminescence under 980-nm CW laser illumination, while strong upconverted 
luminescence is observed in crystals with treatment of upconversion 
nanoparticles under identical imaging condition. 
  It should be stressed that only an initial demonstration has been conducted 
and that significant further work is required. However, our initial results are 
highly encouraging. The images presented here unambiguously proof that the 
upconversion nanoparticles are effective bioprobes for imaging. As excellent 
biocompatibility, the upconversion bearing protein crystal may provide a 
platform for promising applications in therapy applications. 
 







  Synthesis of NaYF4:Yb/Tm (20/0.2%) core nanoparticles and 
NaYF4:Yb/Tm@ NaYF4 core-shell nanoparticle. The synthesis of the core 
and core-shell nanoparticles was identical to the synthesis of NaYF4:Yb/Tm 
and NaYF4:Yb/Tm@NaYF4 nanoparticles 
  Preparation of ligand-free nanoparticles. The ligand-free nanoparticles 
were obtained using a modifided previous procedure. Typically, the 
as-prepared oleic acid-capped nanoparticles were dispersed in a 1 mL HCl 
solution (2 M) and ultrasonicated for 5 min to remove the surface ligands. The 
resulting products were collected by centrifugation at 16500 rpm for 20 min, 
washed with ethanol for several times, and re-dispersed in deionized water. 
  Preparation of NaYF4:Yb/Tm@NaYF4@SiO2 core-shell nanoparticles. 
As-prepared ligand-free NaYF4:Yb/Tm@NaYF4 nanoparticles were dispersed 
in 5 mL H2O containing 200 mg polyvinylpyrrolidone (PVP-k30) and 
sonicated for 30 min. And the resulting solution mixed with 20 mL ethanol. 
Then, 800 L ammonia solutions were added and the container was sealed and 
sonicated for 20 min. 200 L of TEOS was added and the solution was stirred 
for 12 h at room temperature. As-prepared products were washed by ethanol 
and water for 3 times.   
  Self-assembly of upconversion nanoparticles by block copolymer. In a 
typical experiment, 100 μL NaYF4:Yb/Tm@NaYF4@SiO2 aqueous solution 




solution and then heated to 60 oC. After stirring for 1 h, the resultant 
suspension was incubated at 60 oC for certain time without agitation.[31] 
  
4.5.2 Results and disussion 
 
  The assemblies of upconversion nanoparticles with unique structure and 
optical properties have considerable promise in sensors and optical materials. 
However, the assembly of isotropic nanocrystals into anisotropic structures is 
a fundamental challenge in nanochemistry. In nanotechnology, methods have 
been developed for organizing inorganic nanomaterials based on inherent 
anisotropy of magnetic or electric dipoles, crystal-face specific heterogeneity, 
non-uniform distribution of ligands on the surfaces or template. Specific 
examples of template include linear biomacromolecules, block copolymers 
and carbon nanotubes. Amongst, the use of block copolymers is particularly 
attractive because it is an inexpensive and scalable process. To the best of our 
knowledge, PEO-b-PPO-b-PEO (F127) has not been tested for the assembly of 
upconversion nanoparticles. Research in our group targets the use of 
spontaneous structure-forming processes in F127 polymer systems, for the 
design of polymer/upconversion nanoparticles on a combination of length 
scales. Here, we present a convenient method to assemble upconversion 
nanoparticle by F127.  




prepared according to the literature. The oleic acid-capped nanoparticles were 
further washed with hydrochloric acid solution (2 M) to remove oleic acid. 
Then the as-prepared ligand free NaYF4:Yb/Tm@NaYF4 nanoparticles were 
then used to direct the growth of SiO2 layer using PVP as stabilization ligand. 
The formation of SiO2-coated upconversion nanoparticle was confirmed by 
TEM (Figure 4.7a and b). The resulting nanoparticles were dispersed in 
ethanol prior to being used for self-assembly (Figure 4.7b inset). Upon 980 nm 
excitation, Tm3+ ions in core-shell nanoparticles exhibit a characteristic 
emission (1I6 → 3H6), (3P6 → 3F4), (1D2 → 3H6), (1D2 → 3H4), (1G4 → 3H6), 
(1G4 → 3F4), and (3H4 → 3H6) from UV to NIR region, respectively (Figure 
4.7c).[24]  
  As a proof-of-concept experiment, the amphiphilic copolymer F127 was 
employed as surfactants in dilute aqueous solutions. The polymer can 
self-assemble to micelles by varying solution temperature, concentration and 
addition of selective salts (Figure 4.7d). In a typical experiment, 100 μL 
NaYF4:Yb/Tm@NaYF4@SiO2 aqueous solution (1 mg mL-1) was diluted in 3 
mL DI water. 0.6 mg F127 was added in the solution and then heated to 60 oC. 
After stirring for 1 h, the resultant suspension was incubated at 60 oC for 
certain time without agitation. The assemblies of upconversion nanoparticles 
were confirmed by TEM (Figure 4.7). After incubation for 12 h with F127, 
several nanoparticles aggregation was observed (Figure 4.7a). When we 






Figure 4.6 (a,b) TEM images of the as-synthesized NaYF4:Yb/Tm@NaYF4 
and NaYF4:Yb/Tm@NaYF4@SiO2 nanoparticles (inset: luminescence 
photograph of SiO2 coated-nanoparticles in ethanol under irradiation of a 980 
nm laser). (c) Experimental design for the synthesis of silica-coated 
nanoparticles and corresponding emission spectrum of the as-prepared 
silica-coated nanoparticles. (d) Schematic illustration of PEO-PPO-PEO 
self-assembly process. (e) Schematic diagram of the proposed process for the 
self-assembly of upconversion nanoparticles. Note that UC denotes 









Figure 4.7 (a-d) TEM images of the as-prepared upconversion nanoparticle 
assemblies mediated by F127 under varied incubation time. (e) Schematic 
illustration of self-assembly process for SiO2-coated upconversion 
nanoparticles. Note that green chain denotes hydrophilic segment PEO, and 









Figure 4.8 (a) Luminescence micrograph of NaYF4:Yb/Tm@NaYF4@SiO2 
nanoparticles without F127 mediation incubated for 7 days. (b-d) 
Luminescence micrographs of F127 mediated upconversion nanoparticles 





obtained (Figure 4.7b). More importantly, further prolong the incubation time, 
many chains of particles are close together, and milli-size nanoparticle 
assemblies were obtained (Figure 4.7d and Figure 4.8). Figure 3.7e illustrated 
the proposed process for self-assembly of upconversion nanoparticles by F127 
block copolymer. Hydrophilic segments PEO are more likely attach with the 
surface of SiO2-coated nanoparticles and extend to water solution, while 
hydrophobic segments PPO are close together (Figure 4.6e and Figure 4.7e). 
Therefore, the assembly of nanoparticles can be obtained.        
  In summary, we have synthesized SiO2-coated upconversion nanoparticles, 
which could be assembled through F127 mediation. These assemblies were 
driven by the hydrophobic and hydrophilic interactions. However, further 
improvements need to be made in the uniformity and stability of the 
assemblies. 
 
4.6 Conclusions  
 
  In conclusion, we developed a general method for controlled synthesis of 
NaYF4 upconversion nanoparticles. By varying reaction parameters, we can 
easily control the formation of NaYF4 with different morphologies. In addition, 
we can also facilely control the size of NaYF4 by adjusting doping 
concentration of Gd3+. These findings are important for providing a convenient 




nanocrystals without the need for toxic hazardous coordinating solvents and 
organometallic precursors. Alongside this, we also demonstrate the versatility 
of these upconversion nanoparticles in bio-imaging application. Furthermore, 
we also demonstrated proof-of-concept for the self-assembly of upconversion 
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CHAPTER 5: Conclusions and Future Work 
    
    In this dissertation, we have developed several general approaches to 
fabricate different kinds of luminescent nanocrystals, including metal sulfide 
semiconductor (ZnS, CdS), lanthanide-doped NaYF4 and NaGdF4@NaYF4 
upconversion nanoparticles. These nanocrystals, passivated with oleylamine or 
oleic acid, were synthesized using single-source precursors or metal-oleate 
complex, respectively. The relationship between morphology and optical 
properties of the nanocrystals was investigated. In addition, the growth 
mechanism of one-dimensional of ZnS was studied and was followed by 
oriented attachment mechanism. Furthermore, we demonstrated the effect of 
surface coating on luminescence of lanthanide-doped nanocrystals.  
Firstly, we designed a new kind of precursor metal (Zn2+, Cd2+) 
dicarbazoledithiocarbamates. Based on the nature of these carbazole-based 
precursors, we developed a simple, one-pot, and mono-surfactant synthesis 
method for multi-morphology ZnS and CdS nanocrystals. By varying the 
reaction parameters, we can easily control the morphology of the final 
products. These precursors were proven to be a good candidate for the 
synthesis of high quality metal sulfides, which may enable the development of 
industrial applications. In addition, we have provided conclusive evidence that 
the growth of ultrathin ZnS nanowires was achieved by OA mechanism. More 




quality nanocrystals, such as Ag2S, PdS, MnS and Bi2S3. 
Secondly, we presented the rational design, synthesis, and characterization 
of a new class of core-shell upconversion nanoparticles displaying 
unprecedented optical properties. Specifically, the comparison of Gd-based 
upconversion nanoparticles and their NaYF4-coated counterparts has enabled 
better understanding of energy migration-mediated upconversion processes. 
Our results demonstrate how the interplay of lanthanide interactions and 
core-shell nanostructures can be used to control the optical properties of the 
upconversion nanoparticles. The NaYF4 shell can impede the migrating energy 
in Gd sublattice from trapping by surface quenchers, thereby promoting 
energy trapping by the activators. Alongside this, the clearly enhanced 
emission for various activators (Dy3+, Sm3+, Tb3+ and Eu3+) leads to the 
conclusion that efficient emissions can be realized from activators doped 
homogeneously with Yb/Tm ions through the NaYF4 shell protection, 
provided the activator concentration is kept at a considerably low level. 
Demonstrating both the control and understanding of the energy migration in 
these nanoparticles should be a key step toward the rational design of 
lanthanide-based luminescent nanomaterials for advanced biological 
applications.   
  Finally, we developed a general method for controlled synthesis of NaYF4 
upconversion nanoparticles. By varying reaction parameters, we can easily 




can also facilely control the size of NaYF4 by adjusting doping concentration 
of Gd3+. These findings are important for providing a convenient route for 
facile synthesis of morphology and size controllable NaYF4 nanocrystals 
without the need for toxic hazardous coordinating solvents and organometallic 
precursors. Alongside this, we also demonstrate the versatility of these 
upconversion nanoparticles in imaging application. Furthermore, a 
proof-of-concept experiment was conducted to demonstrate the probability of 
the self-assembly of upconversion nanoparticles driven by block copolymer. 
  In conclusion, we successfully developed several strategies for the 
synthesis, growth mechanism study, and optical enhancement of luminescent 
nanocrystals. However, to fully explore the potential application of these 
nanocrystals in biology field, more efforts are still needed to be made on the 
synthesis of nanoparticles with smaller size, brighter luminescence and better 
compatibility. In addition, the safe use of these luminescent nanoparticles in 
bio-applications remains an unresolved issue. Therefore, a careful assessment 
of the possible negative effects associated with these nanoparticles is 
warranted. Overall, further exploration and attempts to use these luminescent 
nanocrystals for important biological and energy applications will certainly be 
exciting. 
 
 
